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THE INFLUENCE OF ANIONS ON THE ANODIC DISSOLUTION 
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(Presented by Academician V. A. Kargin, June 16, 1959) 


(Translation of Doklady Akademii Nauk SSSR, Vol. 130, No.1, 
1960, pp. 111-114) 


Original article submitted June 12, 1959, 


The velocity of processes of anodic dissolution and electrodeposition of metals depends strongly on the 
nature of the anions present in the solutions, Halide ions appreciably accelerate cathodic and anodic processes in 
amalgams of zinc, tin, bismuth, and indium [1], and also abruptly increase the exchange current between amal- 
gams of zinc and bismuth and solutions of their salts [2]. By measuring the exchange currents of amalgams of 
zinc and cadmium it has been shown that, in the case of solutions containing complexes of metals with anions, 
the anions participate directly in a determinative stage ofthe electrode process[3,4]. Velocity of anodic dissolution 
of cadmium in sulfuric acid increases greatly in the presence of bromide ions, and even more in the presence of 
iodide ions [5]. The velocity of the process of anodic dissolution of platinum in sulfuric acid at constant potential 
is proportional to the concentration of Cl” ions in the solution [6]. The mechanism of the accelerating effect of 
the anions on the anodic dissolution of metals has not yet been elucidated, The solution of this problem by means 
of conventional stationary polarization measurements is difficult, because ordinarily, for appreciable deviation 
from the equilibrium potential, polarization appears at the essential concentrations, and the results of polarization 
measurements in the neighborhood of equilibrium cannot be used because the corresponding reverse process occurs 
simultaneously, Under certain conditions the last difficulty may be obviated. By combining ordinary polarization 
measurements with radiochemical ones, we may separate one of the conjugate electrode processes, for example 
the anodic one, and elucidate its mechanism in the neighborhood of the equilibrium potential, even under condi- 
tions where the reverse process predominates. 


By means of this method, with certain improvements [7-10], the influence of the concentration of halides 
and sodium sulfate on the velocity of the true anode process, i,, of the dissolution of 0,1M indium amalgam in 
solutions of 0,01 M In(C10,), + 0.01 M HCIO, at various potentials has been studied, and, in particular, at the 
equilibrium potential (exchange current), * The experiments were carried out at 20° at constant ionic strength 
(3M), which was maintained by adding the appropriate amount of NaClO,. In addition, the relation between the 
equilibrium potential of the amalgam and the concentration of the halide and sulphate ions has been studied, 


In Fig, 1 the relationship, found by radiochemical measurements , between the velocity of the anodic process, 
i, in amp/ cm?, and the potential of the indium amalgam is shown side by side with the ordinary polarization 
curves, plotted against the current, As can be seen, the process of ionization of the indium proceeds with a 


*The choice of indium was dictated by the fact that, in the absence of activating ions, the exchange current of 
amalgams of indium is relatively low [10]. At the same time, it is known from polarographic data [11-15] that 


for ions like those of indium the half-wave potentials are strongly shifted to the positive in the presence of halide 
ions, and the electrode process is much altered, 


, 
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measurable velocity even in the presence of strong cathodic polarization, In Figs, 2 and 3 the curves obtained 
by the radiochemica} method for the relationship between i, and the potential are depicted for various concen- 
trations of Na,SO, (0,05-0.9M), NaCl (0,05-2,7M), NaBr (1 10°3-2,7M) and Nal (1° 107-1M). It can be seen 
that there is a linear relationship between and log iy in which the gradient of the anodic curve, b, does not 
depend on the concentration of the added salt; _ therefore the whole of the anode curves was sometimes not 
given; we measured exchange current (points on Fig. 2 and 3), and have constructed a line directly through the 
point giving the value of the exchange current, with the corresponding gradient, * : 


From Fig, 2 it is seen that with a rise in the concentration 
of the SO? “and Cl“ions, the anodic curve is shifted to the neg- 
ative side, that is, the velocity of the anodic process increases, 
To evaluate the relationship between the velocity of the true 
anodic process, ins and the concentration C of these additives at 
a constant potential, a dotted line is shown in Fig, 2 at y =— 0.330; 
the points of intersection of the anodic curves on this line give 
the desired values of i,. If we wish to express these experimental 
facts in the form of an equation, 


x 


igé ——— then, at low concentrations of Na SO, (up to 0,2 M), the magnitude 
of x is about 1, while at very high NagSO, contents the value of X 
Fig. 1. Polarization curves for an is not constant, but gradually increases with increase in C, For 
amalgam of In (0,1M)- in a solution NaCl concentrations lower than 0,5M, the quantity x in this 
containing 0,01M In(CLO,), + 0.1M equation is again not constant, and increases approximately from 
HC10,. 1) ordinary polarization 1.0 to 2.0 with increase in C , in the interval C = 0.5 to 2.7M,x = 
curve: 2) true anodic curve obtained = 2.9. It is evident from these results that the ions so?” and Cl” 
by the radiochemical method, participate directly in the anode process, in the course of which 
the composition of the complex indium ions formed in the primary 
electrochemical process changes with the magnitude of the concentration of these ions. For high concentrations 
of NaCl in the electrode process, molecules of InCl, probably take part, while in the solution (judging from the 
nature of the relationship between the equilibrium potential of the amalgam and C), the ions InCl} predominate, 


\gig 


Fig. 2. Relationship between ig and the potential for solutions of 0.01M 
+ 0.01M HC10,, with added substances, a) NagSO,4;1) 9.05M; 2) 0.1M; 
3) 0.2M; 4) 0.3M; 5) 0.6M; 6) 0.9M; b) NaCl: 1) 0; 2) 0.05M; 3) 0.1M; 4) 
0.2M; 5) 0.3M; 6) 0.5M; 7) 0.76M; 8) 1.0M; 9) 2.0M; 10) 2.7M . Black points 
are exchange current, 


*b has the value of 0,026-0,027 v for solutions to which NagSO, is added, and 0,025 v for solutions to which 
NaCl or other halides is added, Hence in the presence of halide ions the transport coefficient for the anodic pro- 
cess, B, is equal to 2.3RT/b, = 2,32 (assuming that a+ B = 3) [9]. 

**For high concentrations of NaBr and Nal the exchange current is so high that the entire curve cannot be ob- 
tained because of the onset of concentration polarization, and so measurement of the exchange current must be 
made, In this case the quantityb, was obtained by means of measurements of the exchange current for various 
concentrations of indium ions in the solution (for example, the point A in Fig. 3a), 
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In the case of addition of NaBr and Nal (Fig. 3), increase in the halide ion concentrations is observed to 
cause not only the displacement of the anodic curve, but also a noticeable increase in the exchange current, For 
the quantitative estimation of this accelerating influence, the relationship between i, and the concentration of 
NaBr and Nal at a constant potential ( ¢ = —0.276 v) corresponding to the systems described in Fig. 3 above is 
presented in Fig. 4. For the addition of NaCl the relationship between log i, and log C is linear in the interval 


C = 0,05M to 2M, within which the slope is constant (log ig, log C) and equal to 1.8; that is, our experimental 
facts accord with the equation, 


= kcl¥, 


It must be assumed that, under these conditions, two fons of Br™ take part in the anode process, producing the ions 
InBr,*, which exist in equilibrium with the ions InBr’* the latter predominate in solutions of C = approx. 0.2M, 
but at C greater than 0,5M the indium is present in solution predominantly in the form InBr,*.) This conclusion 
agrees with the analysis of the dependence of the pure cathode process velocity, i), on the concentration of NaBr 
(dotted line in Fig. 4), * With high concentrations of NaBr,{, is practically independent of C, which would be 
expected to follow from the predominance of ions of the type of InBr,* under these conditions in the solution. 


Fig. 3, Relationship between i, and the potential for the solution containing 
0.01M In(CIO,), + 0.01M HC10, with additional salts, a) NaBr; 1) 0; 

2) 1+ 103M; 3) 2-10°3M; 4) 5°10°3M; 5) 0,02M; 6) 0.05M; 

1) 0.4M; 8) 0.3M; 9) 0.5M; 10) 1M; black points are exchange 

current, 


In the presence of added ions of I~, the slope of the log ig—log C curve in Fig, 4 is equal to 1.0 in a wide 
range of values of C (2 + 10°°-0,2M); that is, the velocity of the true anode process is directly proportional to 
the concentration of NaI. This relationship may be explained on the assumption that the ions I™ participate ak 
rectly in theanode process: 


In+ I” + 3e, 


Judging by the nature of the relationship between the yapeaewor 8 potentialof the amalgam and the concentration 
of Nal, if C is less than 0,03M in the solution, the simple ions In** are preponderant, existing in equilibrium with 
the ions InI**, and therefore the concentration of the latter is proportional to the concentration of the I~ ions, and 
the velocity of the true cathode process tk is, just as in the case of i, , linearly dependent on C, At very high 
values of C in the solution, the fons InI predominate and their concentration changes little with the value of the 
concentration of the fons I; therefore i, is then practically independent of C (dotted line in Fig, 4), Results 
obtained for the dependence of the exchange current on the temperature (in the interval 1-45°), show that the 
addition of Nal (0,05M) leads to a reduction in the activation energy of the electrode process from 13,4 kcal 

[10] to 4.5 kcal, 


*To estimate i, approximately, the gradient bj, of the cathode curve must be determined by means of the rela- 
tionship, by, = 2.3RT /oF, using the value 8 = 2,32 found earlier, and taking into account the condition that 
a+ B = 3, thus obtaining by = 9.085 v. If we were to draw the straight lines in Fig, 3, corresponding to the pure 
cathode process and passing through the value of the exchange current, then the magnitude of i, at a constant 


potential of y= - 0. 276" could be obtained by constructing the curve of log i, against log C. 
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From the relationship observed between i . and y, and also from the observed linear dependence of i, on 
the concentration of the amalgam [10], we learn that our experimental facts may be expressed by the equation, 


i, = k(InXI~) exp @yF/RT), 


where 6 = 2,32, An analogous equation expresses the velocity of the anode process in the presence of the ions 
Br and C1” (for high concentrations of NaCl), with the difference that i, will be proportional to [Br~}? and (ci- 
respectively. 


As we have already seen [16], a true parallel exists between the accelerating influence of halide ions on the 
electrode process in the presence of cations, and their catalytic effect on isotopic exchange processes between 
cations (17, 18], and on other ionic reactions between cations [19,20], It would seem that the mechanism of the 
halide effect and that of some other anions is similar in both cases; the anions play the part of “bridges*, or car- 
riers of electrons, between cations, or, on the other hand, between a cation and the surface of an electrode [1,17]. 


The accelerating influence of I“ions, and also of Br™ ions 
has not yet been mentioned, and must in general be explained by 
lng a change in the structure of the electrical double layer caused by 
Jot their adsorption, and the arising of a negative y, potential, which 
¥o-U276 would result in the acceleration of anodic and cathodic processes 
[21]. In favor of this is the fact that the strongly adsorbed ions I~ 
a and Br™ exert marked accelerating effects even at rather low con- 
centrations, while ions such as SOf™ and G1”, which possess a 
lower adsorbing capacity, accelerate anode processes only at 
comparatively high concentrations, In this case, however, it is 
difficult to explain, for example, the linear dependence of i, 
on the concentration of the NaI, and also the fact that the cathode 
process is independent of the NaI concentration in the high con- 
centration region, * It seems to us, therefore, to be very probable 
that the halide ions (with the exception of F~), and the sulphates, 
take a direct part in the ionization process of indium, though for 
a full explanation of the observed effects, especially for low 
concentrations of I and Br’, it seems that we shall need to dis- 
cover the effect of ¢,-potential measurements. 


Fig. 4, Relationship between i, and 
the concentration of NaBr (a) and 
Nal(b) at a constant potential We wish to express our hearty thanks to Ia, M. Koloterkina 
(¥ =—0.276 v). Dotted lines give the for valuable advice during the discussion of the results of this 
corresponding relationship for ,,. work, 
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Recently there has been much interest in research on and in the use of crystalline adsorbents for which the 
the name molecular sieves has been coined [1-8]. These adsorbents have pores with a diameter of a few angstroms 
and, therefore, can only occlude a measurable quantity of substances which have molecules with a diameter less 
than the diameter of the pores in the adsorbent, The adsorption of various substances on natural crystalline adsor- 
bents with pores of molecular dimensions (persorption) has formerly been studied by a series of investigators [9]. 
However, the natural molecular sieves, (mostly chabazite and, to a lesser extent, other zeolites), as a rule are 
scattered in nature and do not occur in thick deposits, The use of synthetic molecular sieves, which may be ob- 
tained in larger quantities and with better properties than the natural ones, creates new possibilities for the separa- 


tion of gases and liquids. In this connection, the use of and the research on the adsorptive properties of synthetic 
molecular sieves is of much interest, 


In this communication data on the adsorption of vapors of polar and nonpolar substances of different mol- 
ecular configurations and dimensions are given for two sample molecular sieves, which are synthetic products 
prepared by the author in the Grozny Scientific Oil Research Institute. The synthetic molecular sieves have a crys- 
tal structure with very small interatomic distances and, therefore, they selectively adsorb a series of substances, 
The crystal structures of the above-mentioned molecular sieves are identical, Examining them by the powder 
method, using Cu radiation, we obtained the following x-ray data; 


1 2 3 4 5 6 7 8 9 10 11 17 
dA 9.40 7.22 5.68 4,31 3.78 3.38 3.03 2.68 2.17 2.08 1.95 1.76 1.61 1.52 1.44 1.37 1.30 
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In Fig. 1,1 the adsorption isotherms of water, methyl alcohol, n-hexane, isooctane (2,2,4-trimethyl pen- 
tane) and benzene vapors on the molecular sieve 102 are given, in Fig. I, II, those of the same substances on the 
molecular sieve 202, Both molecular sieves show a clearly pronounced selectivity in the adsorption of molecules 
with different configurations and dimensions, Molecular sieve 102 adsorbs 0.32 cc water and 0,26 cc methyl 
alcoho] per gram but the adsorption of the bigger molecules of n-hexane, isooctane, and benzene is very slight. 


Molecular sieve 202 adsorbs 0,32 cc water, 0.28 cc methyl alcohol and 0,22 cc n-hexane per gram, but isooctane 
and benzene are not perceptibly adsorbed by it. 


The isotherms of those substances which are adsorbed by the molecular sieves correspond to Langmuir iso- 
therms in their shapes, Characteristic for the adsorption isotherms of the said substances on the examined molec- 
ular sieves is the occurrence of large amounts adsorbed at a low relative pressure (below 0.1), An increase of the 
relative pressure does not lead to a perceptible increase in adsorption, while the observed rise of the isotherm in 
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the relative pressure range of 0,9 to 1,0 is evidently connected with the onset of capillary condensation of the 
interstices between the separate small crystals of the molecular sieves, 


The adsorption on the molecular sieves is reversible; the desorption branches of all isotherms coincide with 
the adsorption branches, The specific surface of the examined molecular sieves is very large, The value, cal- 
culated from the Langmuir isotherm formula, using the data on the adsorption of methyl! alcohol,lies near 1000 

2 
m*/g. 


Amount adsorbed cc/ g 
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Fig. 1. Adsorption isotherms of water, methyl alcohol, n-hexane, 
{sooctane and benzene vapors on the molecular sieve, 


H,O CHsOH i80-CgHyg 
Adsorption a b c d e 


Desorption ay by Cy d, ey 
I) Molecular sieve 102, II) Molecular sieve 202, 


Comparing the adsorption data on the said molecular sieves with those molecular sieves made by Linde 
(well known in practice abroad), it may be noticed that molecular sieve 102, in its adsorptive properties, is com- 
parable with Linde molecular sieve 4A, and our 202 with Linde sieve 5A. However, the crystal structure of our 
molecular sieves differs from that of the Linde products, This follows from the comparison of the x-ray data 
given above with the results from [6], which were obtained by examining the crystal structure of Linde molecular 
sieves by means of x-ray diffraction, 


The author is much indebted to M. G. Mitrofanov for his help and interest in the work, 
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In recent times, works on the theory of chemical adsorption have investigated the method of localized 
states [1-3] in molecules and crystals [4,5], which greatly simpiifies the problem of finding eigenvalues, How- 
ever, the method suffers from some limitations which make it necessary to use directly Bloch functions in the 
description of crystal adsorbents, We use this method for metals and dielectrics alike. Moreover, the possibility 
emerges of taking into account the effect of mutual interaction of the absorbed particles [6-11]. 


We consider a system of particles adsorbed on a crystal surface, The single electron Hamiltonian in an 
undisturbed crystal is; 


H, Vv? + V;. 
in a system of adsorbed particles, no account being taken of interaction with the crystal it is 


H,= + V2, 


and in the system adsorbate— adsorbent it is 


(3) 


The corresponding Diracnotation are k >, c,,m> (c,, is determined from the minimum 
energy condition for H,), I> ; k denotes both the zone number and the wave vache within it; m is the loca- 

tion of the adsorbed particle; I are the new energy levels, The eigenvalues will be €,, €9 (neglecting the over- 
lap of m>), €. 


We consider I > in the form of the linear combination 


where the symbol S denotes summation over the zone numbers and integration with respect to momentum among 


them, We note that representation (4) requires us in the following to keep exact account of the nonorthogonality 
of k> and m>. 


a, anda, are determined from the requirement that the energy € shall be a minimum, The correspond- 
ing equations may be written in the form: 


= S (@ — Hy) + Sam — Hy)! (Hp Vi) m), (5) 


an = >) am’ <m (e — + S x <m — Hy)" (H, 4+-V.)kR>. 


9 


They possess the solutions; 
= S R, (k, k’) am (e (H, — -|- V;) m>. 
dim = Ra(m, m’') S <m' — Ha) (Hy — 4+- V2) kD. 


The resolvents R,(k,k') and R, (m,m‘) are easily found through the iterated kernels KR (k,k’) and “+ 


(m,m"') of the basic equations (5) a 


Ri (k, k’) = Ram, m') = Ka(m, m’). (1) 


n=0 n=0 
Keeping in mind the fact that the systems k > and m> are complete we obtain: 


Ra (k, k’) = —(e— 
Ra(m, m') = <m[1 —(e — 1 


In actuality the completeness condition may be fulfilled only approximately, which however, does not 
throw out the possibility of a representation of the form (4). 


We now eliminate a), from (6), and use (8) to obtain: 


an = S «mV pk (9) 


(10) 


In the case of the adsorption of one particle the problem resolves itself into finding the roots of the equation; 


1 —S <mVik> = 0. (11) 


But in the case of adsorption of many particles, use must be made in (9) of representations of proximate 
neighbors of the particle of number m, which shows the effect of mutual interaction, Thus, neglecting the non- 
orthogonality of k> and m >, and supposing that there is substantial localization of the bond we obtain; 


| 5 


Here n = number of proximate neighbors; 9 = degree of surface covering; and € k,o is independent of 6, 


The differential heat of adsorption, Q(@ ) is found from the relation: 
Q (0) = S e—s) + (13) 
where S is taken with respect to the occupied positions, 
From (12) and (13) we obtain: 


= 0, —Zn 9, 
Q (0) = — Zn (14) 


Qo = initial heat of adsorption; €),, = some mean energy in the valency band of the crystal; Z = ratio of the 
volumes bounded by the Fermi surface, and the surface of the nearest Brillouin zone, 


In typical cases, the total decrease in heat of adsorption estimated (14) is of the order of 1 ev. 


| 
&—e+V; ° 
(12) 

10 


Thus, even assuming the absence of immediate interaction (i.e., interaction not dependent on the presence 
of adsorbent) of the adsorbed particles, a mutual interaction effect is achieved, which is conditioned on their 
chemical bond with the crystal; this is found to be comparable in magnitude with the energy of chemisorption. 


The author would express his thanks to Prof. M. I. Temkin, Prof. Ya, Ya. Koutetskom and T. K. Rebana for 
their consideration of his results, 
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The hydrogenation of olefins by atomic hydrogen at temperatures of -196°C has already been carried out 
[1,2], It has been shown that in many cases a rapid reaction takes place, involving the addition of atomic hydro- 
gen to the olefin, the hydrogen being produced by dissociation on a tungsten filament, Solid olefins used included 
propylene, butene~1, isobutene, and others, 


The topic of the present investigation was the study of the deuterium-hydrogen exchange between gaseous 
and solid phases in the course of similar reactions, with the aim of obtaining information about the mechanism of 
hydrogenation, The reactor in our experiments was a spherical glass vessel, coupled with a mass spectrometer of 
type MX~-1302 [3,4]. In the center of the vessel was placed a tungsten heating filament, upon which the atomic 
hydrogen would be produced, The inner surface of the reactor, which was cooled with liquid nitrogen, was coated 
with a layer of the olefin, Deuterium was introduced into the vessel at a pressure of about 4 * 10mm Hg, and 
then the heating of the tungsten filament was switched on, and simultaneous measurements were made of the total 
pressure, and of the partial pressures of D,,HD, and Hg. The latter were obtained from the changes in intensity of 
the corresponding mass~spectrograph lines as the reaction proceeded, 


Control experiments were carried out which revealed that under the conditions of the experiment diffusion 


in the reactor to the diaphragm of the mass spectrometer was so rapid that it had no effect on the shape of the 
kinetic curves, ; 


Experiments were carried out with propylene and isobutylene, For a given temperature of the tungsten 
filament, and the same initial hydrogen pressure, the velocity of hydrogenation of the isobutylene was several 
times smaller than the velocity of hydrogen of propylene, In the experiment described below, therefore, the 
temperature of the tungsten filament for reactions involving propylene was maintained at a much lower value 
than for those using isobutylene, so as to arrange that the velocity of hydrogen absorption should be approximately 
the same for both reactions, It has been demonstrated that the hydrogenation is accompanied by a very rapid 
isotopic exchange, leading to the appearance in the gas phase of molecules of HD and Hg. 


Curves depicting the change with time of the partial pressures of D,, HD, and Hg, and of the over-all hydro- 
gen pressure during the hydrogenation of propylene (a) and isobutylene (b) are shown in Fig, 1. 


Figure 2 depicts the curves derived from the above, for the relative change in total pressure, (Protar” 
P’ total)» and also the relative composition with respect to deuterium in the gas phase, in the form:(Pp_ + tp, 
Protal’ 12 the case of propylene (a) and isobutylene (b), It can be seen that, in the case of tsobutylené, the 
exchange velocity is close to the absorption velocity of the hydrogen while in the case of propylene the exchange 
velocity is appreciably less than the absorption velocity. (The small rise in the partial pressure Po: during the 
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Fig. 1, Change in hydrogen pressure (1), Fig. 2. Hydrogenation and isotopic 
and partial pressure of Dy (2), HD (3) and exchange curves, using semilogarith- 
Hy (4), during the hydrogenation of; a) mic coordinates, a) propylene; b) 
propylene; b) fsobutylene, isobutylene, 1) relative change in 
total pressure; 2) relative change in 
the deuterium content of hydrogen in 


first 1-2 seconds after switching on the tungsten filament 
the gas phase, 


is to be explained by the small general initial heating — 
some 4 or 5°— of the gas in the reactor), 


From the data obtained, it is not yet possible to establish unequivocally the nature of the elementary pro~- 
cesses leading up to exchange, The most probable explanation, however, which is in agreement with the views 
contained in the literature, is exchange between free hydrogen atoms, and the free activated radicals formed as 
an intermediate product during the hydration of the olefin by atomic hydrogen, Special importance in the case 
considered would thus be attached to the elementary process: R + H = olefin + Hy (Q = ca, 60 kcal), leading 
to the exchange process, and, simultaneously, to the retardation of the hydrogenation process as a whole, The 
opposing effects of the velocity of hydrogenation and the velocity of the exchange process, which can be seen 
by comparing these quantities for the cases of propylene and isobutylene, might serve as a reason for the utiliza- 
tion of this process, If the elementary process which has been suggested actually proceeds with a great velocity, 
it may have very great importance for the preparation of “frozen” alkyl radicals by the radiation method, 


Actually, since in the last case atoms of hydrogen are formed side by side with alkyl radicals, the process 
demonstrated may be one of the causes responsible for the early “initial limitation" of the concentration of the 
frozen radicals, which has been observed in our laboratory on, for example, paraffins, and also in [6] in the case 
of polyethylene, 
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The oxidation of carbon monoxide on oxide semiconductors (S.C.) is one of the most studied of catalytic 
reactions, However, its kinetics, and the nature of the influence of various factors on the catalytic activity of 
these semiconductors, are quite unusual in that, in spite of the postulation of special hypotheses and models, it 
has not been possible to establish a comprehensive explanation free from all contradictions, As we shall show 


below, a part of these contradictions disappears when we apply to the oxidation of carbon monoxide the principles 
of electron kinetics of semiconductor catalysis, 


The preadsorption effect. On MnO, [1], NiO [2], and a number of other oxides [3], the incidence of the 
power to catalyze the oxidation of carbon monoxide is most intimately bound up with the activated adsorption of 
the latter, which is often accompanied by chemical reduction of the surface of the semiconductor. These con- 
trol not only the ranges of temperature of catalysis and chemisorption, but also the values of the energy of ac~- 
tivation, Egat and Echem Of both processes [1,2]. But for chemisorption carried out in the absence of oxygen on 
active specimens, even the initial velocity wy is appreciably less than the velocity of the catalytic reaction 


(1,2,4]. It has therefore not been possible to suppose that completed chemisorption is the rate determining 
stage of catalysis, 


The adsorption of carbon monoxide reduces the work of emission, ¢, of electrons from both n- and p- 
semiconductors, while the adsorption of oxygen increases it [5]. For mixtures of composition CO + Og an inter- 
mediate value of ¢ is obtained, which shows a partial compensation of charge effects, Thus, in one of the ex- 
periments the introduction of oxygen increased gy from NiO by 0,35 ev, the introduction of carbon monoxide 
diminished it by 0.20 ev, and the introduction of a mixture of the two gases increased it by 0.24 ev, On the 
zone model this would mean that oxygen reduces the curvature of the zones which had been brought about through 
the self-charging of the surface by the chemisorption of carbon monoxide, so reducing the surface Fermi level. 


This should reduce the free energy of the positively charged surface transitional complexes (| k| ), including 
CO* chem[6], by: 


AF = |eAVz|=|yedq|. (1) 


In equation (1), e = electronic charge; AV» = change in the total diffusion potential of the surface; y = 
a numerical coefficient, approximating to unity, being the estimated fraction of Ag due to the molecular 


dipole component and the influence of oxygen on the position of the Fermi level within the volume of the semi- 
conductor (;;). 
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Fig. 1. Influence of the adsorption of an arbitrary quantity of 
acceptor molecules onto the surface zones; a) without initial 
curvature; b) with initial upward curvature; c) with initial 
curvature downward; AgpAgc. 


As experiment shows, when such positive acceleration occurs, the reduction in charge caused by it causes 
an observed change in E given by: AE nem “lye Ag| [7]. The increase in velocity constant k and w caused by 
this amounts, because of kinetic compensation, only to; exp [(I-@RT) AE cher RT]. where 0 < a< 1 the coef- 
ficient from the equation: 


In ko = const — aE. : (2) 


The best catalysts for low temperature oxidation of carbon monoxide are the “hole” semiconductors, and 
therefore the chemisorption of oxygen increases their current carrying power, and when removal of carbon dioxide 
occurs (after this has been formed catalytically), in the mean period of charging the surface with oxygen: 


Ago, aln0/0, = (3a) 
(3b) 
(3c) 


where @ = the actual, and 0, = the initial specific surface covering by oxygen; @*> 1, the ratio of these; B = 

=— WRT. When irreversible adsorption of oxygen takes place, the value of ky increases, while with reversible 

adsorption, in view of the relationship: © = f(p), there arises the possibility of a concentration factor fyF O,) >1, 

The form of f, is defined by the isothermal relationship: Ag = fxPQ) within the given interval p 0, - Thus 
ApcRT Inp/ po, 

AE=6RT Inp’, (4b) 


w= (4c) 


where P* -~ PO, / PoO,- In both the cases (3c) and 4c) the observed E for the chemisorption of carbon monoxide 
is not changed by the addition of oxygen, By such a mechanism a preadsorption effect is observed, characterized 
by a positive change in the effect of the adsorbed oxygen, The influence of the acceptor gas on the curvature of 
the zones is increased in the case where the initial curvature is downwards (Fig. 1), and diminished where the 
initial curvature is upwards [8]. Therefore it follows that the modifying effect of oxygen should be enhanced if 
substances are added which reduce the work of emission, and reduced by the addition of substances which increase 
this, It is apparently to such a cause that we may ascribe the exceptionally powerful reduction of the velocity of 
chemisorption of carbon monoxide on prepared ZnO which contains Li+ in its lattice [9]. If this is regarded as 
probable, then it would be expected that the addition of SOy, and also of the oxides of tervalent metals, which 
increase ¢ [7], ought to cause the speed of chemisorption of carbon monoxide and that of the catalytic reaction 
to draw closer to each other, and this is also, apparently, the case, 


It should be noticed that, if such an interpretation is accepted, it should in principle be possible by using 
sufficiently low total pressure of the reaction mixture, and sufficiently high temperature, to cause the preadsorp-. 
tion effect to disappear completely, This result ought, though, to be compared with the velocities of chemisorp- 
tion and catalysis obtained when equal curvature of the zones is artificially created, or with compensation of their 
electrical field, The values of E..,, observed experimentally oughtto coincide with the initial values of 
Echem.obs,’ Sifce in the course of chemisorption the self-charge grows continuously, so displacing the distribution, 


Z 


and simultaneously, because of the biographical heterogeneity controlling the region of chemisorption [10], is 
displaced along the distribution(cf. Fig. 2), and the reduction of the surface usually takes place, even if only 
partially. These effects are absent during the stationary period of catalysis, occcurring in a stream of constant 
chemical composition with a sufficient excess of oxygen, In this situation AVy and Ag, on which not only the 
oxygen but also the carbon dioxide and the surface COs complexes [11] depend, are constant; the controlling 
region is stationary, and reduction of the catalyst falls off. 


The poisoning influence of water, For the catalytic oxidation of carbon monoxide, water vapor exerts a 
characteristically powerful retarding effect [12], the isobars of the vapor corresponding to a surface with a changed 
energy of activation [10], An attempt has been made to explain this on the basis of adsorption-blockage formed 
by the surface and bulk hydroxyl groups, etc. According to the measurements of V. I, Lyashenko [13] and others, 
the adsorption of water has a positive effect on the surface of oxide semiconductors; that is, AV yi has the same 
sign as AvG° - This would be expected to produce retardation, with increase of F andE by y eave (Fig.2), 
and reduction of the velocity by a factor of exp[-(1-a'RT)AE/RT]. The large magnitude of the effect may be 
a simple consequence of the strong adsorbability of water, Other well-adsorbed molecules ought to show similar 
effects: these might be such electron donors as liquid olefins, benzene and acetone, It is usually found that the 
effect of carbon dioxide is slight [14], because of its small adsorbability; in addition, the carbon dioxide 
effect may be complicated by increase in concentration of negatively charged surface carbonate ion radicals on 
the semiconductor surface, 


Modifying added materials, The catalytic activity of oxides may be strongly affected by small additions of 
oxides of metals of different valency. The principal catalysts which have been investigated for the oxidation of 
carbon monoxide are NiO and ZnO, with the addition of oxides of metals of the type Mel, mdll and, in part, Mell 
also, Such systems are regarded as being solid solutions, although the formation of these solutions has only been 
demonstrated for Li,0, MgO and ZnO in NiO [14]. In the simple zone model, changes in the energy of activation 
of the electrical conductivity show the direction and magnitude of the displacement of the volume Fermi level, 
which, if there is unchanged curvature of the zones, ought to be accompanied by change in the work of emission 
equal in magnitude but opposite in sign, If we take the chemisorption of carbon monoxide in the form of CO* as 
the controlling step, we may expect E,herm 4nd Egat to grow with upward shift in p ~and also both values of E to 
fall with downward shift in p -.For p-semiconductors this corresponds to symbatism (corresponding sign of change) 
and for n-semiconductors antibatism (opposite sign of change) of variation of E,her, With Eg . 
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Fig. 2, Change of distribution, and dis~ . 


placement of controlling region with 

charge on mainly inhomogeneous surface Fig. 3.Dependence of the activation 
of: k.p.1) controlling region of chemi- energy of the catalytic reaction, E,y » 
sorption and catalysis without charge; of the oxidation of carbon monoxide, 
k,p.2) for catalysis and initiation of on changes in the activation energy 
chemisorption with charge of H,O; k.p.2 of the electrical conductivity,Eg , 
chem) with increasing chemisorption of and change in the work of emission 
carbon monoxide, Ag, produced by the introduction of 


impurities into the oxides of zinc and 
nickel, 


The experimental relationships are quite different and very complex, as can be seen from Fig. 3, In partic- 
ular, Li in NiO and ZnO produces an increase in Echem’ though in both cases it reduces the state p., 
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Hauffe [16], in order to explain the data of Schwab and Block [15] proposed a change in the accepted nature 
of the controlling stage, and suggested an additional hypothesis, involving the participation in the process of 
special electron “traps” on the surface, But our results cannot be fit into the framework of this theory, nor of other 
proposed models, These difficulties are faced directly in measurements of the work of emission [17], aad it 
appears that changes in Ag neither in magnitude nor in sign can be correlated with those expected from measure- 
ments of Eg. At the same time there is a practically exact correlation between changes in ¢ and E.,, (see Fig.3), 
and in both cases a fall in the value of ¢ is accompanied by rise in that of E, while growth in ¢ is linked with a 
diminution of E, as would be expected if this stage is controlled by the positive charge of the transitory complex, 


Kinetics, An analysis of the kinetic anomalies appears to lie outside the scope of the present article. The 
most difficult of them — the stable half order in relation to initial concentration of carbon monoxide — may be 
explained by the appearance under certain conditions in the adsorption equilibrium on the semiconductor of a 
concentration proportional to the square root of the concentration of the undissociated te being adsorbed, But 
on such a theory, to arrive at a single controlling stage for all systems with 18t and 4™ orders, it is necessary in 
addition to admit the possibility of an opposite sign of the carrier in thesuprasurface layer, and also the participa- 
tion in the process of both chemisorbed and physically adsorbed carbon monoxide, That is, there is postulated a 
two-stage chemisorption; CO > COphys * COchem: The dichotomy of chemisorption and catalysis, postulated 
in the preadsorption mechanism , vanishes, but the division is maintained between the catalytic utilization of the 
carbon monoxide and its chemical reaction with the catalyst, leading up to the renewal of the surface, A different 
significance is also given to the lower limit of catalytic oxidation [18], However, the facts at present available 
are insufficient to exclude the correlation of the controlling chemisorption of carbon monoxide with collision on 
the surface, In both cases the weak dependence of w on the composition of oxygen in the mixture above the 


“lower limit", apparently, is associated with saturation of the active part of the surface with oxygen even at low 
values of P 
oO . 
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The relationship between heat capacity and temperature has been investigated for linear polymers in the 
neighborhood of liquid-hydrogen temperatures and above, at which, according to publications [1,2], the effect of 
interaction between the chains is of importance, In order to compare their behavior with theory, it is essential 
to investigate those linear polymers which do not possess side chains capable of rotation, The ones investigated 
in this work are polyethylene and polymerized trifluorethylene, 


The adiabatic calorimeter described earlier [3] has been used by us in this work, The platinum resistance 
thermometer was after the pattern used by Strelkov [4], using spectroscopically pure platinum of IONKh-5 brand, 
and compared with another thermometer of the same type whose resistance had been tabulated against tempera~ 
ture in the range from 10,8 to 90°K. The polymer samples available to us were technically pure, The weight 
of polyethylene investigated was 22.6 g, and that of the polymerized trifluorethylene was 18,9 g. Measurement 
of the heat capacity was carried out at 0,5° intervals, and the rate of temperature equalization in the specimens 


was 8-10 min/deg. The heat capacity of the empty calorimeter was measured beforehand over the whole tempera~- 
ture range, 


Our results are contained in Table 1. They are shown graphically on a logarithmic scale in Fig, 1. 


Polyethylene. The heat capacity of polyethylene was measured between 17 and 100K (measurements in a 
higher temperature region have been described by us in an earlier communication [5]), If we represent the rela- 
tionship between heat capacity and temperature in the form: c = AT™, then the figure shows that m is greater 
than unity over the whole investigated range, varying from 2.15 to 1.1. According to publications [1,2,6], values 
of m greater than unity are to be attributed to the effect of the forces of interaction between the chains, The 
results obtained in the present work and that reported in [5] show that in polyethylene the effect becomes notice- 
able at temperatures of the order of 90-100°K, The considerable temperature range within which the behavior 


of the heat capacity is not constant is bound to be given attention, but all the same the effect of interaction be- 
tween the chains cannot be disregarded, 


Polymerized trifluorethylene, The heat capacity of polymerized trifluorethylene was measured between 
23 and 120°K, The figure shows that the value of m varies from 1.3 at 23° K to unity at 30°K, and then rapidly 
diminishes to values less than 1, As early as about 35°K m has the value of 0,65-0,70, Above 40°K the steep- 
ness of the heat capacity curve increases a little, so that at 60° m has risen to 0.8. This value, m = 0,8, is 
maintained up to 120°K, The great reduction of the temperature | interval in which there is any substantial effect 
of the interaction forces, compared with the corresponding range for polyethylene, is evidently to a considerable 
extent associated with the mass difference between the groups CF, and CFH on the one hand, and CH, on the other. 


The temperature change of the heat capacity of polymerized trifluorethylene which we have found does not 
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exclude the relationship described in [1,2], and it is applicable both to the region in which there is significant 
interaction between the chains, and to that in which this may be neglected, The change of slope noticed experi- 
mentally in the neighborhood: of 60°K, may be attributed to the excitement of pendulum oscillations of the 
groups CF, and CFH, which will not be further treated in this paper (the so-called rocking oscillation of CX, groups 
which may only play a small part in the observed case involving heavy fluorine atoms) [7]. 


As has been observed earlier [5], the majority of linear polymers outside the very lowest temperatures show 
a nearly linear temperature change of the heat capacity , although there is some deviation in the direction of 
lower values of m. This fact is not difficult to correlate with the relationship discovered by Tarasov [6]. It is 
however, doubtful whether the experimentally observed heat capacity of such heavy polymers as polymerized 
trifluorethylene and teflon [8], at temperatures of the order of 80-100°K and above, is called forth only by the 
acoustic spectrum of their skeleton, At these temperatures it is necessary to take into consideration that portion 
of the heat capacity associated with the deformation oscillations of the CF, and CFH groups. This would result 
in still greater discrepancies between experimental results and the Tarasov formula, We do not consider at pre- 
sent that sufficient accuracy is available for it to be possible to distinguish from the total heat capacity of poly- 
trifluorethylene that part which is to be attributed to the oscillations mentioned above, All the same, the values 
of m obtained in this work, 0,65-0,70 at sufficiently low temperatures, reveal the possibility of significant diver- 
gence from the relationship proposed by Tarasov. 


TABLE 1 


c,cal/deg g c,cal/deg g c,cal/deg g 


oly~ | polytri-~ oly- lytri- oly- | polytrifluor- 
ethylene ethylene ethylene 
ethylene ethylene 


0.0124 0.0437 
0.0149 0.0444 
0.0159 0.045, 
0.0175 0.045, 
0.0195 - 0.046; 
0.021, - 068, 
0.023; -0475 
0.0256 0.048, 
0.027, 2 . 0.0495 
0.0295 0.0495 
0.032, | 0.0: 0.0506 
0.034¢ 035 0.0513 
0.0363 ‘ 0.0519 
0.0384 0: 0.052; 
0.040, 3 0.0533 
0.042, | 0. 088; | 0.054, 
| 0:0: | 02085 
0.049, | 0. "09%, | 0.056, 
0.051, | 0. 0.057 
0.0533 0.058, 
0.0554 ‘ 0.059; 


0.060» 
0.061, 
0.062, 
0.063, 
0.064, 
0.065, 


In conclusion I must offer my best thanks to Corresponding Member, Academy of Sciences, USSR, A. I. 
Shal'nikov for his permission to carry out measurements at the temperatures of liquid hydrogen in the Depart~- 
ment of Low Temperature Physics at Moscow State University, and for his constant interest in the work; and 
alsoto O.N. Trapeznikova for his interest in the work and his valuable advice, and A. S, Borovik-Romanov 
for his help in the construction of the platinum resistance thermometer, 
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Fig. 1. Logarithmic relationship between c. and T for a) 
polyethylene and b) polytrifluorethylene, Dotted line denotes 
m=1, 
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It is well known that the corrosion resistance of stainless steels is connected with their disposition to passivity. 
If oxides are absent, 18-8 stainless steel is dissolved in sulfuric acid at a fair rate [1}. S.M.Babitskii and Kh. L. 


Tseitlin [2] have found that the addition of small amounts of halides considerably decreases the dissolution rate 
of 18-8 stainless steel in sulfuric acid solutions, 


The inhibition by halide ions of acid corrosion of pure iron was observed for the first time by Walpert [3] 
and has been investigated in more detail by Z. A. Iofa and co-workers [4-7]. It has been shown that halide ions 
from acid solutions are adsorbed on the surface of the iron and form strongly bound but ill-fitting chemisorptive 
layers which retard the electrochemical reaction rate on the fron, particularly the discharging of the protons, 
The change of the electrochemical properties of the iron surface (probably a shift of the standard potential of 
fron to more positive values), caused by the presence of the halide ions, facilitates the adsorption of inhibitors 
which are organic compounds with a basic character and, therefore, these inhibitors become effective. 


When applying these conclusions to stainless steels, one meets the difficulty that halide ions, principally 


chlorine ions, destroy the passivating film [1,8-10] and, therefore, should increase the dissolution rate of stainless 
steel in sulfuric acid, 


In order to elucidate the way in which the halide ions act, the dissolution rate of 18-8* stainless steel in 
10 N H,SO, was measured in the Institute of Applied Chemistry of the Academy of Science of the Chinese People's 
Republic and in the Electrochemistry Department of the Lomonosov State University of Moscow by determining 

the weight loss of the sample or the evolution rate of hydrogen as a function of the concentration of added NaCl, 
KBr and KI, and the polarization curves in 10 N H,SO,, pure and with addition of the said salts, in a hydrogen 


atmosphere at room temperature were also determined there, The curvesshown in Figs, 1 and 2 were obtained 
in China, those of Figs, 3 and 4 in Moscow, 


The curves of Figs. 1 and 2 show the dependence of the dissolution rate of steelp (in mg / cm?.hour) upon 
the concentration (percentage) of the added halides, and from the curves it is obvious that halide ions retard the 
dissolution rate of 18-8 steel in acid and that there is an optimum halide concentration at which the said retard- 


ation is largest, Table 1 gives approximate values of the optimum halide concentration and of the corresponding 
dissolution rates of 18-8 steel in 10 N H,SO,. 


*In the last series of experiments a steel has been used containing (in %). Ni 9.3, Cr 16.8, C 0.14, Si 0.25, Mn 
0.84, Ti < 0.05, § 0,019, P 0.013. 
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Fig. 1. The dependence of the dissolution 
rate of steel 18-8 in 10 N H,SO« on the 
concentration of added salts; a) NaCl, 
b) KBr. 


TABLE 1 


Optimum C 
'Corrosio 
concen rare. Corrosion 


tration, g/emthr retardation 
M/ liter coeff, 


Added salt 


Without 
addition 
3-40-3 


NaCl 0,4 5-40-8 
KBr 0,008 | 5-40-8 
KI 0.0006 | 7-40-7 


Fig. 3. Polarization curves for an 18-8 
stainless steel electrode; 1,1) in 10 N 
H,SOg 2,2") in 10 N H,SO, + 0.1 N NaCl. 
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Fig. 2. The dependence of the dissolu- 
tion rate of 18-8 steel in 10 N H»SO, 
upon the logarithm of the concentra~ 
tion of added KI. 


At a halide concentration below the optimum one 
the corrosion rate increases with time, but at a concen- 
tration above the optimum one it decreases, From Table 1 
it is obvious that the halide concentration at which the 
largest suppression of corrosion is observed decreases,and 
the inhibitory effect increases, in the sequence Cl-Br-I. 


From the polarization curves shown in Fig. 3 it 
follows that at the stationary potential 18-8 steel is active 
in 10N H,SO,, but thatthe passivity starts at more posi- 
tive potentials and at anodic current densities surpass~ 
ing the current density of self-attack. The chlorine ions 
added to the acid destroy the passivity of the steel; it 
cannot be passivated at all values of i, shown in Fig. 3. 
Moreover, chlorine ions accelerate the anodic process in 
the range of potentials at which the steel is active in the 
absence of chlorine ions. Comparing the cathodic curves 
it is obvious that chlorine ions increase the hydrogen 
overvoltage and shift the stationary potential to more 
negative values, The corrosion retardation at the station- 
ary potential is entirely caused by the increase of the 
hydrogen overvoltage. Owing to this, the destruction of 
passivity by chlorine fons does not lead to an increasing 
self-attack of the steel, 


In Fig. 4 are shown the polarization curves in pure 
10 N HgSO, (curves 1,1") and after addition of KBr and 
KI in concentrations nearly equal to the optimum ones 
(curves 2,2" and 3,3") . In these cases the steel is active 
at the stationary potential, however, in contrast to 
chlorine ions, bromine and iodine fons in the said small 
concentrations retard the anodic ionization of the metal 
and, in the case of iodine ions, this causes a shift of the 
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stationary potential to more positive values, In the presence of these ions the passivation starts at lower values 
of i, than in pure H,SO,,though at more positive potentials, The retardation of the anodic process and the in- 
crease of the hydrogen overvoltage cause a fair retardation of the corrosion rate, Thus, the chemisorbed layer 

of halide ions, which increases the hydrogen overvoltage and obviously does not disappear at more positive po- 
tentials, causes the passivation of steel at anodic polarization in the case of bromine and iodine ions and prevents 
the onset of passivity in the case of chlorine fons, 


The fact that in the presence of chlorine ions, contrasted with bromine and iodine ions, passivity does not 
originate with anodic polarization shows that the adsorptive interchange occurs more easily between the passivator 
— chemisorbed oxygen [10] — and chlorine fons than with bromine and iodine ions, When the concentration is 
considerably increased above the optimum value, bromine and iodine ions, like chlorine ions, facilitate the 
fonization and prevent the passivation of 18-8 steel with anodic polarization. Upon increasing the concentration 


of KI one also observes a decrease in the hydrogen overvoltage (Fig. 4: 4, 4") and in the inhibitory effect on the 
corrosion (Fig. 2). 


A similar increase of the dissolution rate upon addition of high concentrations of KI to an acid solution is 
also observed in the case of pure iron, For instar.-e, the dissolution rate of Armco iron in 4 N H,SO, changes 
with a change of the KI concentration in the following way: 


KI concentration 0,001N 0,02N 1.0N 
- hour 4,2-40-5 


One may suppose that the reversal of the effect upon addition of high KI concentrations is connected with 
the forming of an iodine anion layer by the side of the chemisorbed layer, which anion layer is still weakly bound 
to the metal and has a reverse influence upon the hydrogen overvoltage, just as is the case for the adsorption of 
these anions on mercury [11]. In the anodic process a participation of adsorbed anions in the elementary step of 
the metal jonization, initiated by the formation of complex anions, is also possible. 


TABLE 2 
The Dissolution Rate of 18-8 Steel in 10 N H,SO, 


Additi , 
tion 2, retardation 
hr coefficient 


without addition 1.5-40-3 
0,0005 N KI 8-10-7 
001 M 9,4-10-4 
M |N 
-+ 0,0005 N KI 4.2-40-7 
N NaeS t.2 104 
N + 0,001 M 
[N 5.6-10-6 


3 


Fig, 4, Polarization curves for an 18-8 The resemblance in behavior of 18-8 steel and of 

stainless steel electrode; 1,1’) in 10N iron is also observed in other processes, for instance, in 

H,SO,; 2,2") + 0.01 N KBr 3,3") + 0,001 the fact that the presence of halide ions [6] or sulfides 

N KI; 4,4") + 0.2 N KI. [12] increases the inhibitory effect of organic cations in 
an acid solution, In Table 2 the dissolution rate of steel 
in 10 N H,SO, is given. 


The data obtained in this investigation, particularly the promotion of the passivation by bromine and iodine 
ions, are, in our opinion, of interest to the general theory of passivation, because they are incompatible with the 


assumption that the adsorbed layers form a distinct phase, and because they affirm the importance of adsorption 
phenomena, 
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The question of the character of the holes in the case of anodic semiconductor solution is of great interest 
in the study of the effect of the electrochemical reaction mechanism upon germanium and silicon electrodes, 


Direct evidence has recently been obtained [1-3] that during the anodic solution of germanium the holes, 
which are indispensable for the electrochemical reaction, are supplied mainly from the volume of the semicon- 
ductor, This cannot be said of silicon. By studying the anodic solution of n-type silicon in 5% HF solution, 

Flynn [4] discovered that the hole saturation current is of the order of magnitude of 10% amp/ cm, This experi- 
mental value of the saturation current in conjunction with a series of theoretical calculations made by the author 
gave him the idea that in the process of silicon solution (as opposed to germanium solution) mainly those holes 
were expended which had been formed at the electrolyte interface as the result of generation in the space-charge 


region of the semiconductor, and only a neglible amount of the expended holes had been created within the semi- 
conductor volume, 


Flynn's hypothesis can be verified experimentally,and an unambiguous answer can be given by employing 
as the electrode under study a thin wafer of n-type silicon with a p-n junction. 


In the present work the method described in [3] was used. The experiments were carried out using a wafer 
of n-type silicon with a specific resistivity of 3 ohm + cm for which the lifetime of the minority current carriers 
was about 100 psec. By means of aluminum melting a p-n junction was formed on one side of the plate with an 
over-all surface of 0.03 cm*, A circular ohmic contact (the base) was alloyed to this side of the electrode. The 
entire plate together with the leads was insulated first with silicone varnish and then with paraffin,except for a 
region lying opposite the p-n junction and somewhat smaller in area, The width of the n-type silicon stratum 
located between the boundary of the p-type region and the electrolyte was about 20-25y. 


All experiments were carried out in 2,5 N HF at 20°, The electrolyzer and all the cell elements were made 
of teflon, The potential was measured against a saturated calomel semielement with subsequent recalculation on 
the hydrogen scale, The electrical arrangement made possible the measurement of the electrode potential during 
the application of reverse bias to the p-n junction, aswell as during the interval when the inner junction circuit was 


opened, Before each experiment the surface of the electrode was treated with a mixture of nitric and hydrofluoric 
acids (41) and then with concentrated hydrofluoric acid, 


In Fig, 1 the polarization curves for the anodic solution of silicon are shown for current densities of from 
10* to5 +104 amp/cm*, Curve 1 was obtained for the case where the inner circuit of the p-n junction wasopen 
and the positive pole of the current source was connected to the ohmic contact. Curve 2 was obtained when a 
reverse bias of 100 v was applied to the p-n junction, It coincides fully with curve 1, In other words the anodic 
solution potential of silicon was not affected by the application of reverse bias to the p-n junction, For comparative 
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purposes we show curves drawn for ordinary silicon electrodes of 3 ohm + cm (Curve 3) and 10 ohm + cm 
(Curve 4) specific resistivity. It can easily be seen from Fig, 1 that the process of anodic silicon solution 
(Curves 1,3) was not affected by a sharp change in the width of the electrode for the same specific resistivity, 
contrary to the observations for the germanium electrode [3]. 


These experimental data obviously show that the holes 
used up in the electrochemical reaction were formed principally 
within the surface layers of the electrode and not within its 
volume. If this assumption were not correct,then the decrease 
in the electrode width and especially the increase in width of 
the zone, impoverished as far as current carriers are concerned 
due to the application of a large reverse bias to the p-n junction, 
would have sharply decreased the volume of the semiconductor 
in which are generated the holes that are used in the reaction, 
This phenomenon, in turn, would have resulted in a noticeable 
decrease in the saturation current ;this is what takes place in the 
case of germanium [3]. A noticeable increase in the hole sa- 
turation current due to an increase in the specific resistivity of 

<5 4 = | silicon from 3 ohm - cm (Fig. 1,3) to 10 ohm - cm (Fig. 1,4) 
In I (amp/cm*) is obviously connected with the increase in the width of the 
space-charge region at the electrolyte boundary in which the 
holes used during the anodic reaction are generated [5]. 


Fig. 1, Anodic polarization during the 
solution of n-type silicon, (Explained in 
text), If we assume that all the holes used in the anodic solution 
of silicon are formed only as the result of surface generation, 
then it is doubtful whether the value of the saturation current would be so strongly dependent upon the specific 
resistivity of silicon, Besides — as Flynn has pointed out — such an assumption would lead to inadmissibly high 
values of surface recombination for silicon. The fact that the holes used up during the anodic solution of silicon 
are formed mainly in the space-charge region of the semiconductor at the electrolyte boundary must exert a 
special influence upon the character of the action of the additional reducers and oxidizers, It was shown in [6] 
that the presence of the C,03° leads to an increase in the hole saturation current in n-type germanium, The authors 
connected this effect with the appearance at the surface of an additional number of holes which must have come 
from the depths of the semiconductor depth as a result of the action of a strong electric field, It is obvious that such an 
effort should not be observed at a silicon electrode since the holes generated within the volume of the semiconductor 
take practically no part in the anodic process, The experimental data fully confirm this assumption, The anodic 
curves taken for silicon with specific resistivities p = 10 ohm - cm and p = 3 ohm. cm in 2.5 N HF + 1.0N 
K,C,0,, coincide with curves 3 and 4, Fig. 1, which were obtained without the addition of potassium oxalate, 


Therefore the increase of the hole saturation current during the introduction of an oxidizer of the type 
K3Fe(CN),, as discovered by Gerisher and Beck [7], must also occur for the case of a silicon electrode, since in 
this case an additional number of holes immediately appears on the semiconductor surface, This is confirmed by 
curves 5 and 6, Fig. 1 obtained for the solution 2.5 N HF + 0.05 N K3Fe(CN),. Both curves, the one obtained 
when a reverse bias was applied to the p-n junction andthe one obtained with an open inner circuit, coincide. 


Thus the experiments which we have conducted provide direct proof of the fact that the holes used during 


the anodic solution of silicon are generated principally in the space-charge region at the electrolyte boundary and 
not within the volume of the semiconductor, 
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It is well known that cellulose, a very rigid polymer, does not show temperature transitions from one phy- 
sical form into another, We assume that this is connected with the fact that such temperature points lie above 
the thermal decomposition temperature of cellulose, At the same time it would be of considerable theoretical 
interest to establish by some indirect method whether there are two transition temperatures, i.e., a glass transi- 
tion temperature Tg (the transition. point from the vitreous to the highly elastic state) and a flow temperature 
tf 


It is also well known that for a given polymer T,, may be lowered by introducing plasticizers into the polymer. 
This has been shown for nitrocellulose [1] and for a synthetic polymer such as polyurea, in which the molecular 
chains have a very rigid configuration [2]. By introducing into a polymer different concentrations of plasticizer, 
and plotting the dependence of the change of T,, upon the plasticizer concentration, it seemed reasonable to extra- 
polate the experimental curve to the zero concentration of plasticizer and thus to determine T_ for the given 
polymer, We chose this method for determining the glass transition temperature of cellulose, ; 


The cellulose used for this purpose was ordinary sulfite pulp, such as is used in viscose manufacture, having 
an average molecular weight of 210426, It was first extracted with dichloroethane in a Soxhlet apparatus for 24 
hours to remove resins and fats, dried, and dissolved in a 36.5% aqueous solution of triethylphenylammonium hy- 
droxide to convert it into a powdered form, The cellulose was precipitated from this solution with a 10% solu- 
tion of hydrochloric acid, filtered off, carefully washed first with water, then with ethyl alcohol and diethyl ether, 
treated with acetone, and dried. The molecular weight of the regenerated cellulose was not determined because 
it is known that the specific viscosity of different types of cellulose in aqueous solutions of triethylphenylammonium 
hydroxide changes only slightly on standing for two days [3], 


To a weighed sample of cellulose powder was added a measured quantity of an aqueous solution of triethyl- 
phenylammonium hydroxide as a plasticizer, Acetone was added in the proportion of 10 ml to 1 g of cellulose 
powder, and samples were air-dried at 75°, The mixture of powder and plasticizer was pressed at a pressure of 
100 atmos/cm? and 160° into tablets, which were used for determining the thermomechanical properties of the 
products on a tensile-testing machine [4], The temperature was raised at the rate of 1° per min, 


The results of the thermomechanical tests are depicted in Fig. 1. 


From the inflections of the thermomechanical curves the glass transition temperatures of cellulose plasticized 
with different concentrations of triethylphenylammonium hydroxide were determined, These points were plotted on 
a curve relating the glass transition temperature to the plasticizer concentration (see Fig. 2,curve 2), Extrapolation 
of this curve to the zero concentration of plasticizer gave the glass transition temperature of cellulose, which cor- 


responds to about 370° for this particular sample. However, the definition of T g as the temperature of the 


q 
33 


inflection of the thermomechanical curve gives us temperature values which indicate the appearance of highly 
elastic deformation at a given loading rate, In practice, this means the appearance of highly elastic. rubberlike 


properties in a polymer, and it may therefore be stated that rubberlike properties would become evident in cel- 
lulose only at temperatures above 370°, 


On the other hand, we are also justified in evaluating the temperature at which the chains have a mini- 
mum mobility, which characterizes the first indications of highly elastic deformation. At this temperature the 
velocity of the relaxation processes is such that any structural changes connected with the mobility of the chains 
may take place, This value of T, is defined by the deflection of the thermomechanical curve, which corresponds 
to the classical determination of g for substances of low molecular weight. By way of illustration, in Fig. 1 
(curve 3, thermomechanical) both temperature points(T, , 


wt 
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Fig. 1. Thermomechanical curves of samples of cellulose plasticized 
with triethylphenylammonium hydroxide. Concentration of plasticizer 
by weight of mixture; 1) 37% 2) 35% 3) 32% 4) 30%; 5) 28%; 

6) 25% ; 7) 20%; 8) 10%, 


In Fig. 2 are given values of T, as determined from the beginning of the deflection of the thermomech- 
anical curves (T,), as well as the temperature corresponding to the beginning of rubberlike elasticity (T,). 


From these data it follows that rubberlike properties may develop in cellulose at temperatures above 370°, 


and that the glass transition temperature, below which the appearance of highly elastic properties or spontaneous 
structural changes is impossible, corresponds to 220°, 


For mainly historical reasons, cellulose has always occupied a special place among high molecular weight 
compounds, At the same time cellulose is a polymer with linear and regularly formed chains, and it 
appeared to us quite essential to establish its proper place among other polymers since we would now like to 
treat it as a synthetic polymeric product, In this case the transition temperature of one physical form into another 
is a fundamental characteristic of the properties of a polymer, and therefore the determination of the glass 
transition temperature seemed to us very important for an understanding of the properties of cellulose, 


In view of the experimental data presented above, we are convinced that the glass transition temperature 
of cellulose lies about 40° above its chemical decomposition temperature, since, as is well known, a fairly 
rapid chemical decomposition of cellulose begins at 180° [5]. Consequently, very pure cellulose always exists 
in the vitreous state, This fact is related to a number of properties which separate cellulose from a whole 
series of synthetic polymers which were intentionally synthesized in such a way that their transition temperatures 


fe 2 

7 q 
| 
0 

20 40 7, 60 7, 8 100 


were always below their chemical decomposition temperatures. In the first place, cellulose very easily forms 
strained structures, because the mobility of molecular chains in polymeric glasses is insignificant, and any treat~- 
ment of cellulose will naturally change the mutual positions of the chains, and hence the structure of the material. 
The fact that the application of external forces is necessary for the formation of particular structures, especially 
orfented, highly ordered ones, is also associated with the vitreous state. 


: 0% 
Concentration of plasticizer 
Fig. 2, Dependence of tie glass transition 
temperature of cellulose T,, upon the plas- 
ticizet concentration (triethylphenylam- 
monium hydroxide), determined from the 
thermomechanical curves: 1) from the 


point of deflection; 2) from the point of 
inflection, 


Finally, the reason for the amorphous nature of cellulose 
becomes quite clear because, in general, a substance cannot be 
crystallized if it exists in the vitreous state, Introduction of low 
molecular weight substances, capable of lowering the glass 
transition temperature of a polymer, destroys the geometrical 
order in the positions of the molecular chains, which is present 
in pure linear polymers, and which is necessary for crystallizing 
a polymeric substance, 
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The solubility—pressure relations for the dissolving of certain pure gases in liquids are known to show 


maxima [1], The thermodynamic analysis of I, R. Krichevskii [1] has given the following conditions for the 
appearance of a solubility maximum in a binary system: 


Ni (0, — 0,) +- Nz (0, —0;) = 0. (1) 


here Ny and Nz are, respectively, the mole fractions of the solvent, component 1, and the dissolving gas, com- 
ponent 2; ¥, and Vv, are the partial molar volumes of the respective components; and the indices (stroke) 
and ® (double stroke) designate the liquid phase and the gaseous phase,respectively. 


This condition for the existence of a maximum will take the more simple form of 


Vg = ve" (2) 


when the solvent vapors in the gas phase can be neglected, i.e., the partial molar volume of the dissolved gas at 


maximum solubility is then equal to the molar volume of the pure gas (v}") under the same pressure and tem~- 
perature, 


The known cases of a solubility maximum for the dissolving of pure gases in liquids are met at high pressures 
ranging from one thousand to several thousand atmospheres, A solubility maximum for the dissolving of a compo- 
nent of a gas mixture in a liquid is observed in certain cases at comparatively low pressures, Thus our calcula- 
tions on the dissolving of propane — methane mixtures containing a fixed small amount of propane in water at 

40° have shown the dissolved propane to increase up to a pressure of approximately 90 atmospheres, A further 
increase in the pressure of the mixtures diminishes the amount of propane in the gas-saturated aqueous solution, 


An analysis of the solubility maximum for the dissolving of a component of a ternary mixture can be based 
on the differential equation for two-phase equilibrium, The ternary system in question here will consist of one 
liquid component 1, the solvent, and two gaseous components 2 and 3, The solvent vapors in the gaseous phase 
will be neglected, Equating the differential of the chemical potential of component 3 in the gaseous phase, 
dys, and the differential of the potential of this same component in the liquid phase, dus, and imposing the 
condition of phase equilibrium at constant temperature with a gaseous phase of fixed composition, gives 


v, — — (dp. / ON, (ON, é 
wv — —{ rw, / OP) 


equ. (3) 
OP 


e No Ou. ON. 2 
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4100, 200 300 7,400 500 700 atm The condition for maximum solubility is that the 


Fig.1 derivative (ON ,/OP )equ. T, N N > i.e., the 
oe numerator of the fraction of Eq. (3) should be zero, 


Values of the terms entering into the numerator of Eq, (3) are known for the water (1) — methane (2) —pro- 
pane (3) system, Partial molar volumes of propane, V5", in binary mixtures with methane have been determined 
by Sage and Lacey [2], Partial molar volumes of propane dissolved in water were measured in [3], Experimental 
studies on the solubility of propane —methane mixtures in water which we have carried out with M. M. Bondareva 
[4] have shown the product (Ou,/ON)P,7,v,X (ONS/OP) equ. TNS to be small in comparison 
with Vs". If this quantity is neglected, the condition for a solubility maximum in the dissolving of propane from 
a methane mixture reduces to the requirement that the partial molar volume of the propane in the gaseous phase 
be equal to the partial molar volume of the propane in the liquid phase, 


Fig. 1 shows the partial molar volume of propane in the gaseous phase, V,", as a function of pressure, at 
37,8° and with N,* = 0.1[2], A line representing the partial molar volume of propane dissolved in water at 29,1° 
and one atm [3] has been drawn through this figure, The low accuracy of the determinations makes it permissible 
to neglect difference between the temperatures under which Vj and ¥," have been determined, as well as the 
pressure dependence of the molar volume of the propane dissolved in water, 


The derivative  (ON/OP) equ. 7.n..W’ must be equal to zero at the two points Py and Ps of Fig. 1 
where the V," curve crosses the V," line; extrema in the solubility — pressure relation are to be expected there. 
The extremum at Py = 90 atm corresponds to a solubility maximum, while that at pressure P, corresponds to a 


minimum, The pressure P, corresponds to a flex point on the solubility curve, the general form of which is 
shown in Fig, 2, 


The peculiarities of the dissolving of propane in liquids from gaseous methane mixtures are due to the fact 
that the partial volume of the propane in such mixtures at relatively low pressures is less than the volume of 
either pure liquid propane or dissolved propane, It is even true that the partial molar volumes of propane in gas - 


phase mixtures with methane are negative [2] over the range of temperatures, pressures, and compositions which 
are in question here, 


Mixtures of butane, or still heavier members of the paraffin series, with methane behave similarly [2]. 


Solubility maxima for the dissolving of these components of methane mixtures into water and other liquids must 
appear at relatively low pressures, 
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Free electrons and holes can participate in the electrochemical processes at semiconducting electrodes, 
It was believed earlier [1] that free electrons are involved in reduction reactions at the germanium electrode, 
Another suggestion [2] was to the effect that the reduction of KsFe (CN), at the germanium electrode involved 
a transfer of electrons from the valence band of germanium to the Fe(CN i ions, with the production of holes 
in the metal, A previous paper of the author [3] has given direct proof of the injection of holes in n-germanium 
during reduction of Fe(CN)’” and MnO; ions. Thus the germanium — electrolyte interface can function as a 
emitter in certain reduction processes, 


It has been the aim of the present work to study the kinetics of certain reduction reactions at the germanium 


electrode and to measure the coefficient of injection, i.e,, the proportion of valence electrons in the total reduc- 
tion current, 


EXPERIMENTAL METHOD 


The electrodes which were used in measuring the coefficient of injection were in the form of discs, 6 mm 
in diameter and approximately 0,12 mm in thickness; these were prepared from monocrystalline n-germanium 
and had a specific resistance p of 2.5 ohm + cm, a hole-diffusion path L of 0,5-0.7 mm and a (111) crystallo- 
graphic orientation, A circular ohmic nickel contact soldered with tin was placed around the periphery of each 
disc, Indium was imbedded in the center of one side of the germanium plate to form a p-n junction approximate- 
ly 3 mm in diameter, The quality of these two contacts was tested by obtaining their volt-ampere characteristics 
with direct current, and with alternating current and a cathodic oscillograph, The entire surface of the electrode, 
with the exception of a circle 1-2 mm in diameter on the side opposite the p-n junction was covered with a sili- 
cone lacquer and paraffin, The free surface was immersed in the electrolyte along with an auxiliary electrode 
for polarization and a reference electrode, The germaniumr-electrolyte interface functioned as an emitter when 
a cathodic current was passed through it, the p-n junction serving as the collector. A P£~-312 electronic polaro- 
graph was used to record the alteration of the reverse current of the collector I ol (with a bias Veo] = 3 ¥) asa 
function of the reduction current, I.43 these data were employed in evaluating the coefficient of current am- 


plification, a = = of this particular triode, all measurements being carried out with direct current, 


ted 


The distance between the p-n junction and the electrolyte was no greater than 70-80 so that practically all of 
the holes injected into the electrode by the electrochemical reaction reached the collector (the transfer coeffi- 
cient in plane triodes of similar construction is 0.96-0.99), Thus the measured value of a is practically equal 
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to the coefficient of injection y , provided the rate of recombination at the germanium — electrolyte interface 
is low. The data of [4,5] and the low values obtained for Alo) when dry electrodes were put into the test electro- 
lyte (with I,eq = 0) all show clearly that this assumption is justified for electrodes free of adsorbed hydrogen. 


Polarization curves for rotating disc electrodes of platinum, and monocrystalline germanium of types n 


(P = 1,8 ohm + cm, L = 0.3 mm) and p (p = 2,8 ohm * cm, L = 0.3 mm) were obtained with the aid of the 
PE-312 polarograph, 


The germanium electrodes were etched in SR-4 before making measurements, The reactants were of high 
purity. All measurements were carried out in the dark in an atmosphere of purified nitrogen. ‘The cited values 
of the electrode potentials are with reference to the normal hydrogen electrode, 


RESULTS 


Measurements of the injection coefficient. Curves show- 
ing the Al,,)—lIreq relations for five different oxidizing agents 
are given in Fig. 1. The value of a lies between 0 and 1 in each 
case, and is independent of Ireq in every case except that of 
Cr,07" (Table 1). 


The reduction of HzO, does not alter I,g) and is therefore 
not accompanied by hole injection in the germanium, The 
concentration of the oxidizing agent has a certain effect on 
a in KgFe(CN), and KMnO, but not in 


9 ma The measured values of a are very sensitive to changes sn 
of the surface state of the electrode, The value of a begins to 
diminish as the germanium electrode is made more negative and 
of Ge approaches the potential for hydrogen evolution (Fig. 1, 5) . 

The hydrogen which is evolved at the germanium cathode is 
d on the semiconductor or penetrates into its crys- 
4) quinone; 5) KyCr40,. either adsorbed on pe ys 

tal lattice, increasing the rate of surface recombination [6] and 

bringing about changes in the electrochemical properties of the 
metal [3,5]. It is clear that hydrogen adsorption begins at potentials which are less negative than that correspond- 
ing to visible evolution on the electrode, thus decreasing the electrode's transfer coefficient gy and the value of a. 
The low value of a for the KyCr,O7 reduction and the absence of injection in the H,O, reduction can possibly be 
explained by the fact that these reactions proceed at high negative potentials which are in the neighborhood of 
the value for the evolution of hydrogen, and the electrode is therefore hydrogenized, 


lred 


Fig i. The relation between the reverse 


The polarization curves for each of the investigated substances (solution compositions are indicated in Table 1) 
on platinum and n-germanium electrodes have clearly expressed wave form(there are two waves in the curve for 
the reduction of KMnO, on germanium), the saturation current density ios being thesame on eachof the two metals, 
The saturation current density is proportional to the square root of the angular velocity ot rotation, ¥@, of the 
electrode (Fig. 2, 4); the maximum reaction rate for reduction on a Pt or an n-Ge electrode is thus fixed by the 
speed at which the reducing particles diffuse through solution to the electrode surface [7] and is independent of 
the material of which the electrode is constructed, Illumination of the electrode has no effect on the wave height 
and is almost without influence on the form of the n-germanium polarization curve. 


The curves for the reduction of KgFe(CN),, KzCr,O7, quinone, and H,O, also contain a single wave (the KMnO, 
curve shows two waves), the value of igat being the same as on Pt and n-Ge electrodes up to densities of 20 ma/ 
cm”, or 100 ma/cm”, in the case of K3Fe (CN)g. The limit current approaches V@. These curves depart from 
the curves on n-Ge at 0.2 - 0.3 v, moving toward negative potential values; they approach similar curves 
developed on electron germanium when the electrode is illuminated. 


The height of the reduction wave for KI, on p-Ge (Fig. 3, 1) is less than that for reduction on n-Ge and 
only slightly dependent on the agitation of the solution (Fig. 2, 1), Not only does this curve move toward positive 
potentials when the electrode is illuminated, but the saturation current then increases and reaches the value 
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TABLE 1 


Substance 
reduced 


Concentration 
of substance 
reduced, 

moles/ liter 


Indifferent | Coefficient | Maximum 
electrolyte potential, v 


value of 
of Ired» ma /om? 


KMnO, 
K (CN)e 
KI 


Quinone 
KeCr2O0; 


0,12 1 N 0.2 0,78—0.88 3, 
0.28—0.56 | 1—2 N KOH —0.2 0.66—0.80 8.6 
0.14—0.33 1 N KI 0.2 0.42 22 

0.4 1 N HeSO, —0.4 0.38 3.3 
0,.04—0.12 1 N —0.4 0 .03—0.08 83 
C.4 0,3 N KeSO, —0.7 0 20 


n-germanium, 


of free carriers, 


0 
Fig. 2, The relation between the saturation 
current for the reduction of KIg(0.096 N) at 
a rotating disc germanium electrode and 
yu 1) p-Germanium; 2) the same, with 
moderate illumination of the electrode; 3) 
the same, with electrode hydrogenized; 4) 


is lower than the rate on electronic germanium because of a lower concentration of free electrons to participate 

in the cathodic processes in the hole material, The lack of retardation in the reduction of KMnO, and K,Fe(CN} 
on p~germanium is related to the fact that these reactions proceed largely through valence electrons, Saturation 
currents for the reduction of quinone, K,Cr,0z, and H,O, are established on hydrogenized electrodes where the 

rate of surface recombination is high and they are for this reason independent of thetype of Ge conduction, The 
fact that the overvoltage on p-Ge is higher than on n-Ge can possibly be explained by a potential drop in the free- 
carrier-impoverished surface layer which is formed by cathodic polarization of the hole semiconductor with respect 
to the solution [8], Illumination of the electrode eliminates this effect since it is accompanied by a generation 


There is a high proportion of free electrons (about 60%) in the KI, reduction current, The saturation current 
for this reaction on p-germanium in the dark (Fig. 2, 1) is almost independent of the agitation in the solution, 


characteristic of Pt and n-Ge electrodes (Fig. 3,2). A 

1-2 min preliminary hydrogenizing of the electrode at a 
current density of 10 ma /cm* has a similar effect on the 
reduction wave of KI,. The saturation current of p-ger- 
manium under strong illumination or hydrogenization 
proves to be proportional to¥@ over almost the entire 
range of experimental current densities (Fig. 2, 3), Moder- 
ate illumination of the electrode gives rise to a direct 
proportionality between i... andYw over a wide inter- 
val of ig, values (Fig. 2, 2). 


DISCUSSION OF RESULTS 


The values of the injection coefficient which have 
been adduced above indicate that both free electrons and 
valence electrons are involved in all of the considered 
instances of reduction at the germanium electrode, with 
the exception of that of H,O,, The fact that the value 

of y is fractional and not entirely constant makes it clear - 
ly impossible to relate the proportions of free electrons 

and valence electrons through a molecular reaction scheme, 
It is likely that reaction proceeds simultaneously along 

two paths, and that the proportions in any one case will be 
fixed by the position of the energy level of the reducing 


ions or molecules with respect to the energy bands of the 
semiconductor, 


The opinion has been expressed repeatedly [1,5] that 
the rate of reduction on hole-type germanium electrodes 
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being fixed by the rate at which the free electrons diffuse 
from the body of the semiconductor to the electrode surface 
to participate in the reaction, Illumination or preliminary 
hydrogenization of the electrode will result in the generation 
of an excess of free electrons, either by the action of the 
light or in the layer with high rate of recombination, and 

the rate of the electrode reactionis then determined by the 
slowest step, which is the diffusion of the I, ions through 

the solution to the electrode surface, 


Certain conclusion concerning the chemical etching 
a sad “hav of germanium can be based on the data which have been 
obtained here, The common etching mixtures contain 
Fig. 3, Polarogram for the reduction of KI, HNOs, Ip, Brz, KgCr,O7, etc.,as oxidizing agents [9]. 
(2,07 + 107? N) at a p-germanium rotating It is possible that valence electrons are involved in the re- 
disc electrode; 1) In the dark; 2) under duction of many of these oxidants on germanium and that 
illumination, Electrode rotating at 440 rpm. holes are thereby formed which can then participate in the 
dissolving of the n-germanium, Such a mechanism does not 
seem very probable in the case of H,O,, however, 


I wish to express my deep thanks to Professor B. N. Kabanov for his help in discussing these results and to 
I, G. Erusalimchik for having supplied the electrodes, 
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The fact that the kinetic coefficients ky and E of the Arrhenius Equation, k = ky exp (-E/kT), are expo- 
nentially related by In ky = const + 8 E_ was first brought out in the late twenties through the work of various 
authors in comparing the activities of certain catalysts with respect to a single reaction [1-3], The existence of 

a similar relation between the kinetic constants of monomolecular homogeneous reactions was brought out si- 
multaneously and independently byL. V. Rozenkevich and one of the present authors through a comparison of the 
literature data [4], Hinshelwood contested these findings at one time, but his own investigations later convinced 
him of the reality and generality of the compensation effect [5], forcing him to recognize it as one of the prin- 
cipal, but unexplained, laws of chemical kinetics [6], A compensation effecthas been observed even in such pure- 
ly physical phenomena as diffusion in crystals, and electronic and hole conduction in semiconductors [7]. The 
kinetics of the most varied types of processes and systems show a compensation effect. However, the presence of 

a condensed phase is either essential to the appearance of this effect, or at least favorable to it, since there are 
but few authentic instances of a compensation effect in homogeneous gas reactions where a comparison of analo~ 
gous simple reactions usually shows k to be either constant, or only weakly dependent on E, The compensation 
effect is of particular importance in catalytic reactions where its existence is brought out by comparing the acti- 
vities of; a) catalysts which have been prepared by different methods and subjected to different thermal treat~- 
ment [8], b) catalysts containing different amounts of modifiers, or c) various catalysts of a single type [9], with 
respect to a single reaction, The data on the compensation effect in related reactions on a single catalyst are 
less systematic [10]. The exact form of the ky (E) relation cannot be considered as finally established since there 
is no possibility of an experimental check in which the value of E would range over several orders, G, M.Zhabrova 


has shown [11] that the greater part of the experimental data can be satisfactorily described by an equation of the 
form 


Ink, = const BE", (1) 


in which n ranges from 1 to 3, It is possible to set n * 1/2 in many cases [4]. The existence of a compensa- 
tion effect has the result that the activity series at Tiny, Will be upset at a certain temperature, Such an effect 
is lacking in the schematic equations of the theory of absolute reaction rates of simple reactions, The introduction 
of a kinetic multiplying factor, exp (BE"), into a theory of absolute reaction rates based on statistical thermo- 
dynamics is equivalent to the introduction of a kinetic multiplying factor into the theory of the equilibrium state; 
this is not consistent with statistical thermodynamics, The possibilities for a compensation effect are greater in 
complex reactions, although introduction of the factor exp (BE") into the theory of absolute reaction rates would 
still entail the appearance of this same factor in the theory of the equilibrium state, 


A number of hypotheses have been advanced to explain the compensation effect: it has been postulated that 
such an effect in a heterogeneous reaction reflects the existence of nonuniformity and an exponential distribution 
of active centers with respect to the energy of activation [ J,an explanation which is not applicable to homogeneous 
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reactions, Additional equilibria with Bronsted relations between E and the heats of reaction have also been 
postulated, 


Resort to such quantum mechanical effects as tunnel transfer [4,10] would only be justified for certain 
electronic mechanisms or for hydrogen reactions at low temperatures [12,13]. No general explanation of the 
compensation effect could be obtained in this way. The old statistical theory of monomolecular reactions of 
Kassel, Rice, et al (14, 16] involves a multiplying factor ky~ E" which is scarcely different from exp (8 E) when 
n is large, This theory is no longer acceptable in the light of the work of L.D, Landau [15]. Thus it must be 
acknowledged that the efforts of more than thirty years have not produced a satisfactory explanation of the com- 
pensation effect. The fact that such an effect is observed in systems and processes which are radically different 
from one another gives reason to believe that it arises from some of the general principles of statistical kinetics, 


The specific characteristics of a system or process can lead to an intensification or weakening of that part 

of a compensation effect which is common to a wide class of systems and processes, The attempt has been made 
‘below to explain the compensation effect without having recourse to detailed mechanical models by working with 
the statistical method of calculating rates of activated process in condensed bodies which has been developed by 
one of the authors, This method is based on the supposition that an activated process consists of a finite number 
of elementary acts, Each of these elementary acts results from the fact that a certain energy E’, equal to, or ex- 
ceeding, the critical value — > kT, will occasionally concentrate in the individual bonds of a region, d, which 
is of the order of the volume of a single particle, this concentration being at the expense of a reduction in the 
energy of other degrees of freedom in a surrounding volume, I’, The volume I° proves to be microscopically 
small since the rate of transfer of energy in the system is finite and not very large (electromagnetic energy trans- 
fer is not supposed to take place in the system) and the elementary act is of brief duration, The average dimen- 


sions of the y>lume |° from which the energy E’ > E > kT is taken up are limited more exactly by the con- 
ditions 


Ea 


2 


ly and T) being, respectively,the mean free path and the mean time of free travel of the particle or quasipart- 
icle (an ion, for example) which transfers the energy when E >> kT. The parameter a of the inequalities of (2) 
is of the order of several units. The elementary act of the activated process was considered as being accompanied 


by a considerable discontinuous, but temporary, alteration in the state of the region B in [17] (a random explo- 
sive process [18]). 


A combination of the methods of statistical thermodynamics with the Principle of Detailed Balancing has 
shown the probability, W, of an elementary act in an activated process of given type in volume 8 in unit time 
to be given by the integral of the expression 


ed U,— E) — S(U 


evaluated over all permissible values of the energy, of this volume [17]. Here F , S(U,)» S(U =), and T(U,-E) 


represent, respectively, the free energy, entropy, and temperature of the volume |® corresponding to the energies 
andU, E. 
c c 


The fact that (3) has a maximum was used in [17] to avoid integration over U,. The result was an approxi- 
mation equation 


E 
W = Wo qexp(— (4) 


in which no account was taken of the dependence of Wy on E (q is the relative concentration of the substances 
which are responsible for the process, Pp , which is under consideration), Here, the number of elementary acts of 
the activated process of given type in the volume V per unit time was determined from the equation 


Ny = > W, V being the system volume, We will now consider the problem of the relation between Wg and E, 


making use of the expression 


‘ 
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2a2 k 


— aur) S(U,—E)—S(U,) \ dU, 
\T exp ( ) (5) 


in which AU =U, -U, U is the mean energy of the volume I°; « * kcT? is the mean-square fluctuation of 
the energy in this volume, and c_ is its heat capacity, Equation (5) was obtained by integration of (3) after 
replacing exp [~(F, ~ F))/kT ]by a normal Gaussian distribution, this being necessary if the Boltzmann Principle 
is to be applicable [19]. We will limit ourselves to the case in which 0% /dT" ~0 (n= 1,2,...), a condition 
which is satisfied under ordinary circumstances. Expanding S(U asa function, of E<U, and making use 

of the fact that 0% =0, leads to — E)— S(Uc) In{l — c)! If it is considered that 


c/k >> 1 and that lim (1— =e *, we will find that —S(Uc) = — ; this together 
with (5) gives 


The possibility of representing T(U,) and T(U,-E) as =T + au » T (Ue~E)=T+ 
is utilized in evaluating the integral of (6). Carrying out the change of variable y =(4U - EY in (6), consider- 
ing that it is usually true that Pe 7 |« 1, and integrating over the interval (—co, oo), leads to the final result 
Ce 


Worq (1 + exp( 3) : 


The condition 
E?/2a?> 1, (9) 
must be satisfied if the term exp (E2/2 a”) is to play any marked role, while the inequality of (9) shows that 


E?/2 a must be of the order of several units or even more, It follows from (2) that 2 ae To» and 
a? kT? CyP 18 (cq is the specific heat capacity and p is the density), so that (9) is fulfilled under the condition 
that 


>V ar (agar) ao 


Thus the inequality of (10) and condition (9) will both be satisfied if the value of E is not too small. It 
follows from (10) that the appearance of a compensation effect is favored by increasing the rate of energy trans- 
fer, v, or the density p~ 1/d, Thus condensed media, and solid bodies in particular, are favorable to the 
appearance of such an effect. The equations which have been obtained show that exp (E?/2 a”) is, in general, 
dependent on T. It will be seen in the sequel, however, that such dependence is of little significance in com- 
parison with that of the term exp (-E/kT). Experimental data are usually presented in the form of graphs showing 
the dependence of Z = In W on x = 1/kT, By taking logarithms of (7) and setting a* = kT"c, we find that 


(11) 


‘ 
6) 
: 
a 
or 
4 
Exk : 


where A = In _ 


andE w1-4ev. Thus the second member in the parenthesis of (11) gives rise to only minor deviations from a 
straight line of slope -E over the relatively narrow temperature interval within which measurements are com- 
monly carried out, and this despite the strong dependence of this member on T, This conclusion is in agreement 
with experimental results. On the other hand, E”/2 a” is a product of two factors, E/2cT<1 and E/kT >>1. 
Thus (9) will be satistified for certain values of E, and the term exp (E? /2 a”) can alter the reaction rate by 
several orders, 


= ( 1+ <t ) - The conditions are usually such that cT = ay > E (since cT 10-50 ev 


It is therefore possible that the compensation effect can be explained by the fact that the probability of 
concentrating an excess energy E’ = E >>kT proportional to exp [-E/T(U ¢) Jin that region in which the 
elementary act takes place is dependent on the temporary local temperature T(U,). But the value of T(U,) 
corresponding to the maximum of (3)[ or to the maximum in the integral expressions in (5) and (6) jis equal to 
Tm™ T+ E/c and is therefore dependent on E, This leads to a more involved relation between the reaction 
rate and E, and results in the appearance of a compensation effect, It is to be noted that definite limits are 
imposed on this explanation of the compensation effect by the introduction of the condition 0 c/a T'~0, the 
neglect of a correlation between the 18 volumes, and the application of a Gaussian distribution, 


It is desirable to; a) carry out a quantitative evaluation of the proportionality coefficients which enter into 
the basic equations, thus obtaining the possibility of a more exact determination of exp (E°/2 a”) in individual 
cases, b) verify the use of various values of n in(1), and(c) test and review in detail the temperature de- 
pendence of exp (E?/2 a), and also to elucidate other problems connected with the application of the results 
which have been obtained here and the prospects for their further development, 
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THE EXCHANGE OF HYDROGEN ISOTOPES ON PALLADIUM 
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Deuterium and tritium have been used to measure the rate of hydrogen exchange between an electrolyte 
and a layer of hydrogen adsorbed on a palladium cathode, Exchange proceeded through the reactions; 


Variant I experiments; Pd (H),, + D,O — Pd (H) 


D* + HDO. 
1 
Variant II experiments; Pd (H),_,T + H,O + Pd (H), + THO. (1) 


n—1 


The hydrogen exchange is more complex than the exchange of metallic ions on amalgams which was studied 
in [1,2]. Theoretical treatment of this problem by the authors of [3-5] has led to the conclusion that the true rate 
of exchange between an electrolyte and an adsorbed surface layer does not necessarily coincide with the rate cal- 


culated from extrapolated overvoltage curves (i.,+). 


The experiments which we have carried out were aimed at obtaining experimental data which would permit 
a comparison of the true rate of hydrogen exchange on palladium with the rate of exchange found by extrapolat- 
ing overvoltage and ionization curves to the equilibrium overvoltage, The values of the exchange rate obtained 
by extrapolation in [6] can be considered as equilibrium rates of ionization and discharge since the linear portions 
of the n, log i curves for moderate polarization of palladium in alkaline solutions are fixed by the rates of these 
same steps in the evolution and ionization of hydrogen, 


A purely electrochemical mechanism for Reaction (1) would call for diminished isotopic exchange when 


the rate of the reverse ionic reaction is reduced by applying a cathodic or anodic overvoltage to the exchanging 
surface, 


The isotopic method can be applied to give a test of the validity of this view of the nature of Reaction (1). 


The polyethylene apparatus in which these measurements were carried out consisted of three sections; the 
working palladium membrane was clamped between the sections marked b and cin Fig. 1, and auxiliary mem- 
brane between sections a and b. Sections a and b contained solutions prepared from water of natural isotopic 
composition. Section c contained a solution of KOD, or D,SO, (90%D), in Variant I experiments, and an alkaline 
solution enriched in tritium (0.2 C/cm*) in Variant II experiments. One of the faces of the working membrane 
cathode also served as the exchange surface, Cathodic polarization (0.05 amp/cm?) of the other face of this 
membrane held the exchanging surface in a steady state of hydrogen saturation and ensured constancy in the 
amount of hydrogen on it. Maintenance of the saturation current during an experiment also ensured a continuoug 
and uniform evolution of gas over both faces of the membrane. Supersaturation by the external polarizing cur- 
rent displaced the stationary potential of the exchanging surface in the cathodic direction by 0.02-0,04 v, The 
structure of the apparatus was such as to allow the overvoltage of the exchanging surface to be carried to+ 0.250 v 
by anodic or cathodic polarization. This result was achieved with current densities which did not exceed 1-5% 
of saturation value, The individual measurement showed that the composition of the adsorbed layer on the ex- 
changing surface was not affected by such small counter polarizations. 


Fig. 1. Diagram of polyethylene 
apparatus for measuring exchange 
currents, 1, 2) Palladium mem- 
branes; 3) platinum anodes; 4) 
reference electrodes, 


TABLE 1 


The Variant I experiments involved exchange between the heavy 
electrolyte of section c and an adsorbed layer of light hydrogen which 
was formed on the right face of the test membrane by saturating it from 
section b, The resulting exchange enriched the bod; of the membrane, 
and the g gases evolved on both of its faces with deuterium, Measure- 
ments of the rate of evolution and isotopic composition of the gases 
made it possible to calculate the exchange rate with an accuracy of 25%,* 


In Variant II experiments the adsorbed layer of hydrogen which 
had been formed on the exchanging left face of the test membrane by 
saturating it with enriched hydrogen from section c was tagged with 
tritium, The tritium passed into solution as exchange proceeded, The 
activity of the solution increased with time and was measured by an 
internally filled Geiger-Muller counter, the accuracy of a determina- 
tion being at least 7%, These experiments were carried out so as to 
almost completely prevent the introduction of oxygen into the enriched 
electrolytes, use being made of a technique which will be described in 
detail elsewhere, Figure 2 represents the course of experiments on two 
membranes which showed different activities in the exchange reaction. 
An exchange rate in amp/cm? was obtained by measuring the rate of 
tritium enrichment of the electrolyte during anodic polarization of the 
exchanging surface with a current of fixed magnitude, 


Solution 


Membran 
No, 


exclnige, ito 
from 7 sta a/cm?*-10~4 


H1,SO4,1N* 


KOD (90% D). 
iN 


Variant I 


0 

+0.040 

-+-0.084 

+0.130 

+0130 

+0060 
0 


0 
40.170 


Variant II 


* Similar results were obtained in a number of other experiments with 


acid solutions, 


*The gases were analyzed with a mass spectrometer, the accuracy being 0.005%. 


Gas exhaust 
i 
a b c 
| 24 | 
0,5—0.4 
we 0.39 
0.25 
0.31 
0.50 
1.2 
| 0.16 
KOH, 4N 0 1.5 
—0,240 1.9 
2 0 3.0 _ 1.6 
—0.160 3.0 
3 0 0.8 a 0.3 
—0,240 0.8 
4 0 1.6 0.3 
—0.200 0.7 
5 0 2.79 1.6 
—0.200 1.25 
0.075 12 


TABLE 2 
The Effect of Surface Activation on the Exchange Rate in Variant I Experiments 


Membrane External Isotopic (a/ cm 
saturation exchap e, 
no. Solution current, (amp*) - 10 


ma/ cm? “10-4 


10 3.7 


40 4.0 
2° 30 150 
60 150 


*Exchanging surface activated by anodic-cathodic polarization, 


Fig, 2. Enrichment of the electrolyte with tritium during 
exchange with the adsorbed layer, a) Surface active to 
exchange; b) less-active surface, Overvoltage curves on 
these same electrodes are above. (a) = 1.6 10a, 
fg =3°10a, b) =3°10% a, = 1-10 a) 


The experimental results are presented in Tables 1 and 2, The data of these tables show the rate of isotopic 
exchange on each of our electrode surfaces to be from two to three times greater than the exchange current cal- 
culated from extrapolation of the overvoltage curve, These and other rates proved to be of about the same order 
of magnitude, * 


The value of the true rate of exchange and the extrapolated exchange current are similarly affected by 
changing the activity of the exchanging surface and the electrolyte composition (Tables 1 and 2), Application of 
an anodic overvoltage to the exchanging surface somewhat diminishes the rate of enrichment of the gas with 
respect to the heavy isotope, But the rate of enrichment is diminished by no more than a factor of two or three, 
even with a + 0.130 v overvoltage, whereas extrapolation of the overvoltage curve shows the rate of hydrogen dis- 
charge to be reduced by a factor of more than ten, From this it follows that the discharge-ionization reaction 


*The overvoltage curves for the ionization of hydrogen were developed on electrodes saturated with light hydro- 
gen in the Variant I experiments (Table 1), while the overvoltage curves for the evolution of hydrogen were de- 
veloped during polarization of the electrodes in the light electrolyte in the Variant II experiments; thus the i 
values refer to reactions of the light isotope. Actually, the difference between the true exchange rates and the 
values of i,,, are somewhat greater than is indicated in Table 1, 


1 1.0 
(90% D), 
1.0 
100 
4 
mv counts 
a counts b 
00 200 
| 100 
10 
| 250 
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on the exchanging surface must be accompanied by another reaction which proceeds by a different mechanism; 
this can be designated as a catalytic exchange reaction, 


In most experiments, the rate of enrichment of an alkaline electrolytic solution was unaltered by the appli- 
cation of a cathodic overvoltage to the exchanging surface (Table 2), The cases showing a diminution (this 
applies especially to acidic solutions) were such that this diminution was less by a factor of five or six than the 
decrease in the rate of ionization of the hydrogen obtained by extrapolation of the fonization curve, Thus the 
"catalytic" exchange is not retarded by the cathodic polarization but rather experiences a certain acceleration, 


The following mechanism for exchange on the hydrogen electrode can be proposed on the basis of the 
data which have been obtained here,* The water molecule (or the hydroxy] ion) will be adsorbed on a hydro- 
gen-saturated palladium surface in such a way that one of the hydrogen atoms will rest directly on the surface of 
the metal, This arrangement makes it possible for the hydrogen atom to split away from the water molecule 
and be replaced simultaneously by an atom from the adsorption layer, thus producing a chemical exchange re- 
action which is not directly dependent on the metal-solution potential drop, The rate of isotopic exchange would 
then be determined by the ability of the surface to adsorb and deform water molecules, The adsorption and de- 
formation of the adsorbed molecules can be markedly altered, so that polarization can give rise to cases in which 
isotopic exchange through the “catalytic? mechanism is so accelerated by an increase in the cathodic potential 
that the retardation of the ionization reaction becomes insignificant. 


It is to be emphasized that the increase in the mte of isotopic exchange with increasing cathodic potential 
cannot be related to an increase in the activity of the hydrogen on the exchange surface, since this was held 
constant by saturating the outer face of the membrane, 


The authors express their thanks to Professor V. I, Veselovskii for his interest in this work and for his part- 
ticipation in the discussion of it. 
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A pen junction is often shorted by surface conduction when the inverse current passing through it is in- 
creased [1], This effect can be diminished by treating the germanium crystals with etching mixtures based on 
hydrofluoric and nitric acids, such etchants being held to high standards of purity because of the contaminating 
Na, Cu, Al, Zn, Mg, Mn, Fe, Cr, Pb, etc., which chemical analysis shows to be present in the components, 


The adsorption of atoms of these elements from the etchant onto the semiconductor surface can result in 
an increase in the surface conductivity, No direct experiments have as yet been carried out, however, to in- 
dicate how the surface conductivity would be altered by the adsorption of one or another of these impurities, The 
present study was set up to deal with this problem, 


The test substance was a monocrystalline n-germanium with a specific resistance of approximately 40 
ohms+cm, Measurements of the surface conductivity were carried out by the "wedge" method of [2], Wedge- 
shaped specimens were cut from a pig of pure uncompensated germanium which had a uniform variation (to 
within + 5% of specific resistance along its length, 


The etchant was composed of HNO;, HF, and CHsCOOH in the proportions 3: 2: 1. These acids had been 
subject to a preliminary twofold distillation so that the total amount of impurities in each was 10%% or less, 
A definite amount of the impurity under study was specially introduced into the etchant, Treatment of the wedge- 
shaped specimens was carried out in the customary manner, the temperature being ~ 100° and the time of etching, 
30 seconds, The etched specimens were washed with ion-exchange water and then dried in an oven for 15 min- 
utes at 80°, 


The experimental results are illustrated by the data of Fig, 1 on a specimen which had been first treated 
with the pure etchant, and then with etchant containing 0,5% iron impurity by weight. A similar increase in the 
surface conductivity was observed when 0,05-1,0% by weight of contaminating Cu, K, Cr, Ga, or Ag was intro- 
duced into the etchant, 


At the same time, it was found that the surface conductivity was diminished by etching in a Zn-conta- 
minated mixture, This “anomalous” zinc effect calls for special consideration, 


It proves to be very difficult, however, to interpret this effect on the basis of the simple model of an 
electron redistribution in the impurity atom—base system, A diminution in the surface conductivity is observed 
to result from the adsorption of Cd also, It is characteristic that this effect is not common to the elements of 
a single group in the periodic system. Thus adsorption of Ca gives rise to this effect, while adsorption of Zn or 
Cd fails todo so, Composite data on the effect of each of the investigated impurities on the surface conduc- 
tivity are presented in Table 1, 


a 
a 
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The greatest alteration in the surface conductivity 
was observed when Br was introduced into the etchant. 
Thus treatment with an etchant into which 1,0/Br had 
been introduced in atomic form reduced the surface 
conductivity so strongly that the ratio o rf Og, was 
only ~0,17. On the other hand, 1.0% Br introduced 
into the etchant through KBr gave a considerably higher 
value of o,/ G,,, this ratio being then equal to 0.5, 
It is obvious that this is to be explained as being due to 
counteracting effects from simultaneously adsorbed K 
and Br atoms, 


These experiments point to the possibility of pre- 
paring germanium with a predetermined value of the 
surface conductivity, adsorption of various impurities 
205 {af from etchants resulting in a kind of surface alloying 
20 4 with "donors" and "acceptors," 


% 
A special case of such alloying is met when count- 

aS i eracting impurities are simultaneously introduced into 

du an etchant to produce a compensate surface with a very 

strength of the current passing through the speci- low oO, value, 

men and du/dx is the potential gradient); a) . 

pure etchant, b) etchant with 0,5%Fe, § is the The practical applications of these effects seem 

width of the wedge-shaped specimen, o,, is the to us to be quite promising but such applications await 

surface conductivity after treatment with the pure a study of the stability of the effect, the, form in which 

etchant, and o, is the surface conductivity after the imipuricies adyorh 

$ y 

q@estment sith the conthininated eechant. ation in the rate of surface recombination resulting from 

adsorption; it is also necessary to determine whether 

adsorption leads to an inversion in the type of conduction 

in the surface layer, 


The authors express their deep thanks to M. L. Ioselevich who participated in planning and executing this 
work, 


TABLE 1 


Compound through which | Amount ele- - 
Element the element was intro- |ment in etchant, 
duced into the etchant % by wt. 


Cu Cu (NOs)3-3H,O 


w 


K KNO 


ow 
a 


on 


Cr Cr (NO3)3-9H,O 


Fe Filings 


99 
oc oor oc S 


Zn Zn (CH3sCOO), 


Ca Ca (NOs) 4H,O 
Cd Cd 
Ag Ag (NOs) 


A+ 10" ohm 4 
| 
1.0 0.25 
0.5 0.625 
1.0 1.58 
1.0 0.75 
1.0 2.0 
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The results obtained from theoretical phase diagrams depend to a large extent on the type of expression 
used for the configuration energy of alloys, 


Although the energy of mixing (the nonadditive in portion of energy), which is a function of temperature, 


pressure, concentration, and order, is expressedin various forms in different theories, it can always be reduced 
to the form: 


Ucaca + V7? + Wo. (i) 


In this case n is the degree of long-range order, o the degree of local order, c, and c, the concentrations, while 


U, V, and W can be described as energy parameters for the mixing, the long-range order, and the local order, res- 
pectively, 


In all of the commonly used order~disorder theories, such as that of Bethe [1], Bragg and Williams [2], the 
quasichemical theory [3], and the Kirkwood theory generalized for arbitrary concentrations [4], the parameters 
U, V, and W depend on the same physical constanty = 2v YAA and are the energies of 
individual atomic pairs), This results from the fact that in all these approximate t eories the energies include on- 


ly the closest-neighbor interactions with the additional assumption that va 4, Vpg, and Vag are independent of 
temperature and concentration, 


The relationship between the parameters U and V may vary from system to system, even if only direct 
atomic interactions are considered,but the interaction of higher coordination spheres [5] and the “elastic” energy 
due to the different interatomic distances at various concentrations [7] are taken into account, 


However, the difference between the parameters U, V, and W does not depend exclusively on the interaction 
in higher spheres and the existence of “elastic” energy, The difference arises from the intrinsic nature of the 
alloy energy, which besides the direct central interaction of neighboring atoms (E,) includes the interaction of 
ions with the common electrons (E,) and the energy of the electrons themselves (Es), The parameter W seems to 
be mainly connected with energy Ey, Parameter V may also depend on the changes produced in Eg by the crea- 
tion of a long-range order (new Brillouin zones) [8], while parameter U may depend on all three forms of energy [7]. 


Thus, in different systems depending on the nature of the components (valence, electron density, affinity, 
atomic dimensions, etc.) the three parameters may be interrelated in entirely different fashions, Therefore it is 


quite obvious that a theory in which the energy is characterized solely by parameter v should have a limited 
applicability. 


Thus these theories lead to the following erroneous conclusion: that in any one system even by varying the 


rf 
F 
a 


temperatures and concentrations no processes can be induced which would change a predominance of unlike 
neighbors to a predominance of like neighbors, 


Indeed, when v < 0 processes leading to the increase of AB combinations would be energetically favorable, 
while for v > 0 processes leading to the formation of AA and BB should predominate, These conclusions, however, 
are contradicted by experimental facts, In the Au-Ni system, for example, at higher temperatures pairs of the 
type AB (local order) tend to increase, while at lower temperatures the number of AA and BB pairs increases 
(decomposition) [9]. 


In addition to this, when the Bragg and Williams theory [2] is applied to a body~centered crystal lattice 
it fails to predict phase separation even at absolute zero, which contradicts the third law of thermodynamics, 
since solid solutions cannot have a zero entropy at T = 0, When the theory of Bragg and Williams is corrected 
for the correlation interaction [4] it does predict decomposition at lower temperatures, However, this theory is 
only valid for a single type of phase diagram where the critical decomposition points are located at precisely 
fixed concentrations (C, = 0.22 at. % and Cp = 0,22 at.%), 


It is quite interesting (even if we disregard the question why in a given system the parameters U, V, and 
W should be interrelated in a particular manner) to examine the various phase diagrams corresponding to dif- 
ferent combinations of these parameters, The problem is similar to that which is solved by analyzing the shape 
of phase diagram as a function of the energy of mixing [10]. 


To simplify the problem we will disregard the correlation energy, which is equivalent to the assumption 
that W = 0, We will use the free-energy expression given in the Bragg and Williams theory [2] without subdivid~- 
ing the parameters U and V into their respective components and will assume that they are independent of each 
other; 


= + Epcp + Ucacy + V4? + RT (ca + Yom) In (Ca Yor) + 
+ (Ca In (Ca — + (Ca + In (ca + + 


+ (Ca In (ca — (2) 


Let us note that the second order dependence between the order energy and the degree of long-range order 
n can be derived without invoking an approach of closest neighbors [11,12]. 


With the help of Equation (2) it is possible to obtain the following equation for the Kurnakov temperature 
as a function of concentration: 


(3) 


(4) 


Using Equations (2) and (4) and the functions used in them, and assuming that the specific heat jump at 


the Kurnakoy point (Ty) is equal to _ a (see, for example, [14]), we will get 
2—U/V 


(5) 


In this case Ch and cy are the respective concentrations at the critical decomposition points, 


Analyzing the free~energy curves at various temperatures (including T = 0), and using Equation (5), one can 
get the relationship between the shape of the phase diagram and the value of a= U/V. This function is re- 


presented schematically in Fig, 1. Dotted lines are drawn through Kurnakoy's points, while the solid lines en- 
compass the two~phase regions, 


V 
Ter = 8cacp |_| 
— If the critical decomposition point lies on the line of Kurnakov points, then according to [13} 
if OF Ac OT yy \2 
cA Kr \ 0, 
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If one considers the fact that in the regular Bragg and Williams theory «a = + 4 (Fig. 1,a, no decomposition) 
it is easy to see why no phase separation was anticipated, A detailed analysis also shows that in a system where 
a = ~4 three phases would be in equilibrium at all temperatures below the critical decomposition point, 


Fig. 1. Schematic representations of phase diagram shapes 
as a function of the ratio a =U/V. a)a2=4 b) <4; 
c)0<a <2; d) a=0; e) —4<a<0; f) a=—-4 g) 

& = & “KT, > —4; aw = + KT, i) a<—4, 


Such a result is obviously in conflict with Gibbs phase rule and results from several approximations made by 
us, Thus, we have assumed (as is done in a great number of papers on the theory of solid solutions) that the para- 


meters U and V remain constant in a given system, But even a slight temperature or concentration dependence 
would remove the conflict with the phase rule, 


4 


Let us assume, for example, that a = a + kT, then there is only one temperature at which three phases are 


in equilibrium if a =— 4, When a > —4 and k < 0 the phase diagram has the form shown in Fig. 1,g. The 
diagram in Fig. 1, h corresponds to a <—4,k> 0, 


Since the dependence of U and V on temperature seems to be usually slight, then if it is included in cal- 
culations the shape of phase diagrams for a other than —4 should not be measurably affected, 
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We have devoted a series of papers to the investigation of the influence of adsorbed gases on the work func- 
tion of germanium [1-4]. These have not, however, included any investigation of adsorbed oxygen on germanium, 


so that it has not been possible to discuss the special problem of the effect of this on the contact potential differ- 
ence, We have in previous work investigated the kinetics of the adsorption of oxygen on germanium [5]. Now, 
to elucidate the influence of the various stages of chemisorption of oxygen on surface characteristics, we discuss 


its action on the work function, 


To measure contact potential difference, Kelvin's vibrating condenser method has been used, The funda- 


mental defect of this method for adsorption measurements is that adsorption of gases occurs both on the measuring 
and on the comparison electrode, which prevents an accurate measurement of the influence of adsorbed gases 

on the work function, We have removed the defect by using an apparatus developed earlier [6], in which the 
comparison electrode is fused into glass, Since the adsorption of a variety of gases on glass is considerably small- 
er than on metals, such an electrode is very stable, Interference is avoided by heating the apparatus to 400° and 
then keeping it sealed off, Such an apparatus, with the comparison electrode sealed into glass, makes possible 
investigation of the work function of germanium over a wide range of temperatures, 


04}- 
03}- 


Fig. 1. Variation of contact potential 
difference between germanium and a 
comparison electrode with the log- 
arithm of the oxygen pressure, 


The method of cleaning the germanium surface is described in 
(5] . We have investigated a series of samples of n- and p-germanium 
of varying conductivity, and found that in all cases a clean german- 
ium surface possessed a very constant contact potential difference in 
relation to the comparison electrode, 


The work function for both n-and p-germanium was 0,73-0,75 
volt less than that of the comparison electrode, The absence of any 
noticeable change, even when the position of the Fermi level varies 
considerably between n- and p-germanium, is believed to be due to 
the large density of the surface states [7]. Results for the variation of 
the contact potential difference with oxygen pressure are shown in 
Fig. 1. These refer to a sample of n-type germanium, P = 20 ohm - 
*cm, Similar results (with variation + 0,02 volt) have been obtained 
for other samples of both n- and p-types and of varying conductivity, 


The relation between adsorption and work function has been 


examined within the pressure range 10° to 100 mm mercury. For each pressure the constant potential difference 


was measured for a period of 20 minutes, 


f 

= 

i 


It appears from the results that the work function increases with oxygen adsorption for both n- and p- 
germanium. There is a straight-line relationship between contact potential difference and the logarithm of 

the pressure overa considerable pressure range. Comparison of the work function data with the adsorption data 
shows that the fast stage of adsorption of oxygen on germanium, corresponding to the formation of a monatomic 
layer, and complete even at 10° mm mercury pressure, changes the contact potential difference by 0.15 volt. 
Further pressure increase, accompanied by further oxygen adsorption, gives rise to the slow stage of adsorption; 
the contact potential difference continues to increase, and at 100 mm has reached 0,48 volt, These results do 
not agree with those of Dillon [2], where it is stated that the maximum increase of 0.2 volt is observed at a 
pressure of 10“*mm, that there is then a fall to 0.1 volt at 10 mm, and that there is then no further change as 
the pressure is increased, The work of Dillon and Farnsworth [3] gives an increase of 0,2 volt in the work func- 
tion in the presence of adsorbed oxygen, In these authors’ opinion the contact potential difference does not 
change with pressure, However their pressure variation was only from 1 107" to 2-10 mm. Under these 
conditions the slow stage of adsorption would be difficult to observe, 


Our results show that several days are needed to complete the slow stage of chemisorption at 0.07 mm 
pressure, The rate of this stage increases with pressure according to p?52 '8}, This may account for the change 
in contact potential difference with pressure increase, The change for the entire rapid stage is smaller than that 
for the slow adsorption, It is concluded from the results that the formation of a second layer on the germanium 
surface is associated with the formation of a new compound, If the rapid stage of chemisorption is taken to cor- 
respond to the reaction: 


2Ge + Og -» 2GeO, (1) 


then the slow stage of adsorption is evidently associated with the formation of a layer of GeO, on the germanium 
surface, according to the equation; 


2GeO + (2) 


adsorbed irreversibly on the germanium surface, This is further confirmed by the fact that degassing at 10 mm 
after adsorption of oxygen does not cause any change in the contact potential difference. However, if the effect 
of adsorbed oxygen is investigated under pressures of 100 mm or more, a reversible adsorption occurs as well as 
the irreversible adsorption, and this has some effect on the contact potential difference. Thus, after adsorption at 
an oxygen pressure of 100 mm. degassing left an increase in the work function of 0.04 - 0.05 volt, which may be 
due to physical adsorption of oxygen on the surface of the oxide. 


To investigate the behavior of chemisorbed oxygen on a germanium surface at various temperatures, a 
definite amount of oxygen was adsorbed at room temperature, The contact potential difference was measured, 
and then the germanium with its chemisorbed oxygen was heated to various temperatures in the absence of 
gaseous oxygen, After 1 hour heating the apparatus containing the germanium was cooled to room temperature 
and the contact potential difference again measured, The results are shown in Fig, 2, From the results it seems 

that after heating to temperatures from 100 to 400° the elec- 
tronic work function of germanium containing chemisorbed 
oxygen diminishes (Fig. 2,1) which may be due to the 


v penetration of oxygen into the germanium, and to the 
a6; evaporation of the germanium oxide from the surface, or 
* 2 to the decomposition of the surface oxide, Heating to 200° 


gives a work function 0,2 volt less than before heating, 
Heating to 400° gives a work function 0,08 smaller than on 


a pure germanium surface. 
02} ; These results agree with those of Schlier and Farns- 
worth [9] who, using the electron diffraction method, showed 
0 0 70 700°C that germanium containing chemisorbed oxygen, after heat- 
Ps jticiiades ing to 500° in a vacuum, behaves like a clean germanium 
Fig. 2. Change in contact potential difference surface, But according to our results desorption of oxygen 
at a germanium surface on which oxygen is does not occur with pressure variation at 400°, Neither does 
chemisorbed with temperature of ictiie 1) removal of GeO from the surface occur, according to the 
in a vacuum of 10mm; 2) in oxygen at 5-6 data of Wolsky, Our adsorption measurements have shown 
mm, 
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that germanium on which both the rapid and the slow stages have been completed will again undergo the slow 


stage of adsorption at room temperature [5]. Since there is no desorption of oxygen, it must be supposed that 
on heating this reaction occurs; 


GeO, + Ge > 2GeO. (3) 


The GeO formed is again converted to GeO, on contact with oxygen at room temperature, 


Thus, when germanium is heated to 400° in a vacuum, oxidation of the surface by chemisorbed oxygen _ 
does not occur, but a change in the character of the germanium-oxygen bond takes place, Thus the change in 
contact potential difference on heating may be explained by reaction [3]. 


A number of results have been obtained for the heating of germanium in the presence of a certain quantity 
of oxygen (5 mm) in the gas phase, These are shown in curve 2, Fig. 2, From these it is seen that the work func- 
tion of germanium increases with the heating temperature, up to a value of 0,9 volt at 400°, which is evidently 
due to increasing thickness of the GeO, oxide layer, 


It follows from our experiments that the work function of germanium continues to change even when there 
are several oxidized layers on the surface, These results are in agreement with our earlier ones on the absorption 
of oxygen on iron, and may be explained by Mott's theories [11] of the diffusion of atoms in a metal — in this 
case of a semiconductor on an oxide surface, 


We wish to express our thanks to Academician A. N . Frumkin for his help in discussing these results. 
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The systematic investigation of the heats of adsorption of a homologous series of substances is of interest 
in elucidating the connection between the structure of adsorbed molecules and their energy of adsorption, Meas- 
urement of differential heat of adsorption of the vapors of higher alcohols, which have relatively low vapor pres- 
sures, is difficult in practice, and it is simpler to measure integral heats of adsorption in such cases, and especially 
the heat of wetting. Measurement of the heat of wetting of ionic crystals and of oxidized carbon black by ali- 
phatic alcohols has already been carried out in our laboratory [1-4], but these investigations did not include con- 
sideration of the chemical nature of the surface of the adsorbents, The composition of the surface must exert a 
considerable influence on the adsorptive and energetic properties of unit surface of the adsorbent, and so it is of 


interest to carry out similar investigations on silica specimens, the nature of whose surface has already been 
studied [5-7]. 


The material used in these investigations was a nonporous silica known as “Aerosil", a finely divided silica 
prepared in our laboratory by the ignition of ethyl orthosilicate [8]. Separate portions of the starting material were 
ignited in air for 24 hours at each of the temperatures shown so as to obtain different surface conditions, The 
specific surface of each sample was calculated from the adsorption isotherm of nitrogen gas at its boiling point, 


using the B.E.T. method, The percentage of structural water was obtained from the weight loss on ignition, The 
facts are set out in Table 1. 


TABLE 1 
Adsorption Characteristics of Aerosil Sample BC-2., 


Ignition temp. Specific surface, Structural water 


content, » M/m? 


156 
143 
120 
112 


6.3 
3.1 
1.8 
1.5 


The method used to prepare samples for calorimetric measurements and for determining the bound water 
have been described in [5-7]. Alcohols used in this work were carefully freed from water and distilled through 
acolumn, Measurement of the heat of wetting was performed in a constant heat-exchange calorimeter, through 
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300 
500 = 
700 
900 


which dry air was blown for many hours before measure~- 
ments were made, The heat of wetting by organic 
liquids is affected by even minute quantities of mois~- 
ture, and therefore the calculation was performed only 
250) when the heat change obtained by breaking successive 
ampoules of each calorimetric liquid had reached 
constancy, 


ergs/ 


PRT Ge It can be seen from Fig. 1A that the heat of 

$4 5 wetting diminishes steadily as the length of the hydro~- 
carbon chain of the alcohol increases, but from amyl 
alcohol on, the figures are practically constant, The 
specific heat of wetting is proportional to the energy 
of binding of the molecules with the adsorbing centers 
on the surface, and to the surface concentration of the 
molecules, The latter is measured by the magnitude 


heat of wetting (A), and the adsorption limit (B) [10], 

the adsorption of the solvent, as we have shown [9,10], 
for a homologous series of n-alcohols on samples 

is vanishingly small, The reduction in the heat of 
BC~2, T = 300° (1); BC~2, T = 500° (2); BC~2, 
T = 700° (3) wetting for these alcohols depends essentially, we must 

‘ suppose, on the reduction in the surface concentration 

of the adsorbed molecules (Fig. 1B). For the higher 
alcohols the decrease in the magnitude a, With increase in hydrocarbon radical length becomes smaller (Fig.1B), 
since, apparently, the adsorbed molecules are inclined to the surface [9,10]. On the other hand, the interaction 
energies due to alcohol molecules will increase with length of hydrocarbon radical, both because of increase in 
dispersion interaction with the surface, and because of the lateral attraction between hydrocarbon radicals of 
neighboring molecules, The constancy of the heat of wetting for the higher alcohols is apparently due to the 
mutual compensation of the factors named, 


/ 


2 3 4 5 6 
Na. of C atoms in alcohol molecule—— 


It has already been shown [5-7], that the heat of wetting of silica gels with water and methanol shows a 
linear relationship with the degree of hydration of the surface, It is shown in Fig, 2 that the heat of wetting of 
nonporous silica BC-2 by water and methanol fits satisfactorily the straight line obtained formerly for silica gels 
[5]. This shows again that pores exert no noticeable effect on the heat of wetting of silica gels with methanol 
[5].when we come to n-propyl alcohol, a straight line is again found for the heats of wetting of silica gels with 
effective pore diameters of 65 and 60 A, lying close to the line for nonporous silica, The slight difference in the 
gradient of the lines is associated with some increase in the strength of the adsorption interaction of the hydro~- 
carbon radicals in the fine pores, The straight line for a specimen with finer pores (d = 44A) is displaced in the 
direction of lower heats of wetting because of the increasing pore influence, 


The silica surface is not homogeneous, since it consists of silanol and siloxane portions, During thermal 
dehydration there is a change both in the ratio between these portions and in their properties, At low processing 
temperature the surface of the specimens must contain both structural water and physically adsorbed water, and 
it is still a matter of discussion whether the surface also contains coordinately linked water, whose existence is 
inferred by Wey] [11] from the screening of surface silicon atoms, Existing methods of determining structural 
water give only the total water in the sample, and do not enable us to distinguish from each other the various 
methods of binding. The problem of establishing the exact temperature conditions under which water bound in the 
various ways can be removed from the sample is still unsolved [6, 14, 17]. With sufficiently high surface concen- 
tration of hydroxyl groups these may form hydrogen bonds among themselves, with consequent reduction of energy 
properties of the silica surface [6,7], as has been inferred from the infrared spectra of the silica surface layer 
[12,13], Increase in the ignition temperature causes surface dehydration, which involves a transformation of some 
of the silicon-oxygen tetrahedra [10]. The first effect, evidently, involves the tetrahedra linked with the bulk 
material by one bond, subsequently those linked by two bonds, and finally those linked by three, Thus, dehydra~ 
tion causes not only a change in the surface concentration of the hydroxy] groups, but also in the surface config- 


uration, For samples treated at high temperatures it is believed that the silanol portion of the surface will consist 
essentially of isolated hydroxyl groups [14]. 
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Fig. 2, Heat of wetting of aerosil samples 
(a), silica gel K-2 (b) KOK~1 (c) and KCK -2 
(d) by alcohols, for variation in the degree of 
hydration of the surface, Numbers on the 
lines denote the number of carbon atoms in 
the alcohol molecule, The dotted line in the 
top figure gives the heat of wetting by water 
of silica gels [7] and aerosil (x). 


The siloxane part of the surface is apparently also 
nonhomogeneous, We have shown that the rehydration of 
a silica surface dehydrated at high temperatures is irrevers- 
ible [6], showing that such a surface contains at least two 
types of packing for the SiO, tetrahedra; those binding into 
the surface at all four apexes [6], and those having edges 
containing strained oxygen bridges which are capable of 
being hydrated, Thus the extent of ignition of the silica 
determines not only the degree of hydration of the surface, 
but also the properties of the surface, and may have a sur- 
prising effect on the adsorption of different molecules, 


In the case of water molecules, which are capable 
of forming from four to one bonds with the hydroxyls of 
the surface, the degree of bonding may be changed both in 
the process of saturating the surface andin that of dehydra- 
tion (6, 14], which will result in a change in the configura- 
tion of the adsorption centers on the surface. 


Alcohol molecules are linked to the surface by one 
hydrogen bond [10,14]. The linear dependence of the heat 
of wetting on the degree of hydration (Fig. 2) shows that 
within the studied limits of the degree of hydration of the 
samples, the heat of wetting is mainly determined by the 
ratio between the silanol and siloxane parts of the surface, 
while variation in the properties of these parts has in this 
case no significant effect. Reduction in the degree of hy~ 
dration of the surface has the greatest effect in the case of 
methanol, Increase in the hydrocarbon radical length and 
in the area occupied per molecule (Fig.1B), probably re- 


sults in the molecules of the higher alcohols screening part of the surface hydroxyl groups. As a result of this, 
change in the degree of hydration is less significant in determining the size of the adsorption limit [10]; that is, 
the concentration of adsorbed molecules changes only slightly with the degree of hydration of the surface, Ac~ 
count must also be taken of the fact that the alcohol molecules may interact with the siloxane portion of the 
surface, The gradient of the heat of wetting changes as we move toward the higher alcohols: increase in hydro- 
carbon radical length gives rise to increased influence in the adsorption interaction, and the heat of wetting of 
the alcohols approaches that of hydrocarbons, the adsorption and energy of which is but little affected by change 


in the silica surface composition [5,16]. 


The authors express their thanks to B. V. Il"in for his interest in the work and his support, 
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As is well known, a nickel electrode in an alkaline solution in a hydrogen atmosphere attains the potential 
of a reversible hydrogen electrode, It was shown [1] by the authors of this communication that the interaction of 
atomic hydrogen with nickel in an alkaline solution gives a potential which is 45-70mv* more negative than a 
reversible hydrogen electrode, In connection with these experiments it seemed interesting to elucidate the be- 


havior of a nickel electrode under conditions where oxygen atoms or OH-radicals, as well as hydrogen atoms, are 
supplied to the electrode, 


We used the radiolysis of aqueous solutions to effect such conditions, According to numerous literature data 


[2], the primary products of the radiolysis of water are hydrogen atoms and free OH radicals, but hydrogen molecules 
and hydrogen peroxide are also formed by the reaction 


H,0 He, H, OH, HO, 


with a yield (g) per 100 ev : 
= 2,8, Sou 2,2, 81,0, 0,8, sa" 0,42. 


As was shown by Zalkind and Veselovskii [3,4], the potential (+800 mv) of a Pt~electrode in sulfuric acid 
is shifted by y -ray bombardment to lower values and after 10-15 minutes it attains the potential of a reversible 
hydrogen electrode ,which it retains during the irradiation, These authors explain this effect by the disposition of 
platinum to adsorb hydrogen selectively and they assume that the observed shift of the potential is evoked and 
maintained by the free hydrogen atoms formed by the radiolysis. 


In this investigation the change of the nickel potential in an alkaline solution caused by irradiation with 


x-rays was studied at various hydrogen pressures, and also in the absence of gases and in an inert gas atmosphere 
(neon), 


The nickel electrode—a sheet with dimensions 1,5 X 1.5 cm (A) — was reduced in a hydrogen atmosphere 
at 400° and was kept in hydrogen, Before the experiment the electrode was rapidly transferred to the apparatus 
shown in Fig. 1, The electrode was placed as near as possible and parallel to the horizontal bottom (B) of the 
apparatus, A mercurous oxide~mercury electrode (C) was used asreference electrode and was separated from the 
rest of the apparatus by the glass filter (D). The vessel (E) contained a previously degassed alkaline solution, 
The radiolysis of the solution was effected by irradiation from an x-ray tube working at a voltage of 80 kv and 
an anodic current of 200 ma, Under these conditions the energy absorbed by 1 cc solution was equal to 6,8 - 10% 


ev/sec, The irradiation was effected through the bottom (B) of the apparatus which was as near as possible to 
the radiation source, 


* Against a reversible hydrogen electrode at atmospheric pressure, 
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Before the start of an experiment the apparatus 
was evacuated (10mm Hg), then gas was introduced 
urtil the desired pressure was attained, and the appar- 
atus was sealed off at (G) from the rest of the system, 
With the aid of an electromagnetic hammer (F) the 
bottom of the vessel was crushed and the solution (0.68 N 
NaOH) filled the apparatus. after which the measuring 
of the electrode potential was started, 


Figure 2 shows the change of the nickel electrode 
potential with time under the influence of radiolysis in 
the absence of gases, As is obvious from Fig. 2, the 
initial nickel electrode potential is about 250 mv more 
positive than a reversible hydrogen electrode, because 
it is covered with an oxide film as a result of the transfer 
through air, As was shown in the investigation by 
Shurmovskaya and Burshtein [5], a limited oxide film, 
corresponding to 1, 3+ 105 oxygen atoms per cm? 
original surface, is formed on the nickel surface upon 
contact with air, By the action of the irradiation the 
potential is shifted to less-positive values and after 10-12 minutes this shift amounts to about 200 mv, i.e., 
for 50 mv the potential does not attain the value of a reversible hydrogen electrode at atmospheric pressure, 
Upon continuing the irradiation this potential is retained for some minutes after which it is gradually shifted to 
more positive values, If the irradiation is interrupted, the potential is shifted again in the negative direction and 
attains its lowest value, The said shift of the potential in the positive direction upon continuing the irradiation 
and in the negative direction upon switching off may be observed many times in succession on one and the same 
electrode, The effect comes to a stop when the electrode under the influence of prolonged irradiation is oxidized 
to a value about 500 mv more positive than a reversible hydrogen electrode, i.e., when a stable oxide film has 
just been formed on the nickel, From the curve in Fig, 2 it is obvious that hydrogen is adsorbed on the nickel 
during the first stage of the irradiation, This causes the shift of the potential in the negative direction. However, 
as oxidizing agents accumulate in the solution, the nickel potential is shifted in the positive direction, From the 
course of the curve one may draw the following conclusion, Judging from the relatively slow shift in the positive 
direction under the influence of irradiation, the gradual accumulation of H,O, in the solution must play some role 
in this process, On the other hand, the very rapid return of the potential to a less-positive value upon interruption 
of the irradiation is obviously connected with the disappearance of the oxidizing,short-lived radicals from the 
solution, At the same time H,O, must also decompose because it is unstable in an alkaline solution, but this 
process does not proceed as rapidly, Thus, the mechanism of the said phenomenon is not wholly clear as yet, 
and will afterward be studied in more detail, The curves obtained in neon (at a pressure of 6-10 mm) show the 
same course as the curves obtained in the absence of gases, 


Fig. 1. The apparatus for the investigation of the 
course of the electrode potential in an electrolyte 
solution under the influence of irradiation, 


According to the investigations by Scheuble [6], the adsorption of hydrogen from the gas phase proceeds 
more rapidly if it is adsorbed not on a clean nickel surface but on a nickel surface which has previously adsorbed 
oxygen, In our experiments the hydrogen to be adsorbed is liberated on a nickel surface which has already been 
covered with oxygen, Using the analogy of the data mentioned on the adsorption from the gas phase of hydrogen 
on nickel, one may explain why, in the absence of gases or in a neon atmosphere, the shift of the potential caused 
by the irradiation, in the first instance, goes in the negative direction. 


In Fig. 3 is shown the change of the nickel potential in the same solution at hydrogen pressures equal to 80 
mm (I), 6 mm (IJ), and also in a mixture of hydrogen and neon with about 1 mm hydrogen and 6 mm neon (III). 
When the radiation is switched on, the nickel potential is shifted in the negative direction and after 4-5 minutes 
the shift attains its maximum value, In contrast with the experiments in the absence of gases or in neon, the 
potential in these cases changes only a little~when the radiation is switched on or off, The initial nickel poten~- 
tial is nearly equal to the potential of a reversible hydrogen electrode at the corresponding pressure, For curves I 
and II it differs by 5 mv and 15 mv, respectively,and for curve II it practically coincides with the latter potential. 
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Fig. 2, The change of the nickel electrode potential with time under the 
influence of irradiation in the absence of gases: a) radiation switched on; 
b) radiation switched off, 


Fig. 3. The change of the nickel electrode potential with time under the influence 
of irradiation at various hydrogen pressures, The dashed lines show the potentials of 
a reversible hydrogen electrode; A) at atmospheric pressure, B) at 80 mm hydrogen, 
C) at6 mm, D) at 1 mm hydrogen+ 6 mm Ne, 4) Radiation switched on, b) radia~- 
tion switched off, 


Under the influence of the irradiation at a hydrogen pressure of 80 mm the potential is shifted not more than 
5-10 mv in the negative direction, An interruption of the irradiation causes a return of the potential to the ini- 
tial value, Ata pressure of 1 mm hydrogen + 6 mm neon the shift of the potential averages 30-35 mv in the 
negative direction. The concentration of molecular hydrogen in the solution at an absorption of 6.8 + 10" ev/sec 
per cc may attain a value of the order of 10 mole/litet* in 4 minutes (the time needed for the adjustment of 
the potential) . From this it is obvious why the hydrogen liberated by radiolysis has an imperceptible influence 
on the potential at 80 mm hydrogen pressure, for at this pressure the solubility of hydrogen is equal to 0,75 ° 10 
mole/ liter, On the other hand, since at a pressure of 1 mm the solubility of hydrogen is of the order of 10“mole/ 
/liter, the hydrogen liberated by radiolysis must cause a perceptible shift in the negative direction. An exact cal- 
culation is difficult, because the hydrogen is shared between the solution and the gas phase, Moreover, part of 
the formed hydrogen reacts with the oxygen on the nickel surface, At all events, a shift of 30-35 my in the 
negative direction under the influence of the irradiation at 1 mm hydrogen pressure may be explained by the in- 
crease in molecular hydrogen in the solution, Thus, under our experimental conditions, the assumption that 
atomic hydrogen has an effect is not needed in order to explain the shift of the nickel potential to values which 
are more negative than the potential of a reversible hydrogen electrode, 


For the results obtained both at 1 mm hydrogen and at higher pressures, contrasted with the experiments in 
the absence of gases, it is characteristic that the electrode potential changes only a little during the irradiation, 


* The amount of molecular hydrogen liberated in 4 minutes at a radiation dose of 6.8-10'% ev/secscc and a yield 
6,8°10%. 0. 42- 240 -1000_ = 1.12 - 10-4 mole/liter. 
100 -6,03 -108 


of 0.42 per 100 ev will be equal to: 


The potential of a reversible hydrogen electrode at atmospheric pressure ’ 
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The observed small scattering of the potential may be ascribed either to temperature effects or to the counteract- 
ing influence of reducing and oxidizing substances, Within the first couple of minutes after the switching on of 
the irradiation, a strong shift in the negative direction takes place and the most negative potential value attained 
is kept for some time. As is obvious from the curves of Fig. 3, some shifting of the potential is often observed 
also after switching off the irradiation, but the cause of this shift is not wholly clear as yet. 


We thank Academician A, N. Frumkin and P, I, Dolin for the discussion of the results. 
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Lately, much research has been devoted [1-4] to the origin of the discrete bright spots which appear on 
the screen of an electron emitter at pressures of 10*- 10mm Hg. At the moment it is possible to consider 
established only the immediate connection of the spots with adsorption of individual molecules, From the rela- 
tionship between the number of moving spots and the pressure, Miuiller considers that a “molecular picture” 
results from absorption, Becker [2] on the contrary, considers their emergence as migration of molecules direct- 
ly bound to the substrate in a weakly adsorbed condition, Both authors consider that one necessary condition is 
contact of the tip with the gas at p =10mm Hg. However, for vapors of heavy substances this condition does 
not seem obligatory since Gomer [5] observed the four-leaf picture of phthalocyanine at p < 10mm Hg and 
6@<1, 


I. I, Tret'yakov [3] adds to the necessary conditions exposure in a field in the presence of a gas, which 
is necessary in the author*s opinion for the formation of “microtips*, which increase the resolution, The results 

of comparison of the shape of the spots arising from adsorption of large organic molecules of different geometrical 
structure and different dimensions [6] point to the absence of any correlation between the geometry of the 
"molecular picture” and the geometry of the molecules, On the other hand, experiments with small molecules 
indicate a definite correlation between electronic structure of the molecules and the shape of the spots [3]. 


From [6] in particular, it was established that "doublets" and “rings” were observed only in the presence 
of double bonds, but the four-leaf pictures were observed for more complex structures, 


To explain this relationship, one of the authors [4] put forward the hypothesis of direct participation of 
the m~-electrons of double bonds in emission, with the formation of spots of complex shape, whereupon the main 
role is ascribed to the affiliated biradicals produced on adsorption, The present paper sets as its goal the exam- 
ination of this hypothesis using the chemically inert, stable molecules of unsaturated fluorocarbons, since the 
possibility remains from earlier work on the unsaturated fluorocarbons that the radicals may be produced due to 
simple splitting-off of hydrogen atoms at the tip and rupture of the carbon bonds, Moreover it is desirable to 
specify the conditions necessary for observation of “molecular pictures", 


EXPERIMENTAL 


The work was done with the normal electron-emitter setup. C,F, and C,F,* were studied, The method 
for admitting the gases was changed, The gas to be studied was first admitted at p = 0.1 mm Hg pressure into 
an ampoule which had been carefully outgassed by prior heating in vacuo (~10~ mm Hg) in the presence of 
active charcoal. Before the gas entered the emitter, the extension containing the ampoule was chilled in liquid 


*Wwe take this opportunity to express our thanks to Academician I, L. Knunyants for a gift of these gases, 


: 


Fig. 1. Absorption of Cy, on tungsten (1-10 * - 6-10 § mm) Fig. 2. Doublets of C,F, on a recon- 
r= 1/10 sec. a) clean tungsten base at p < 1.10 9mm. 2 (g) structed a W-tip U = 16.4 kv, 


atP= 1-10 a,b,c) U= 3.3 kv; d)U= 3.5 kv = 1/10 sec, 


Fig. 4, Observed mutual trans- 
mutation of "molecular pictures” 


Fig. 3. W - tip in an atmosphere of 
CF, at p 5°10 
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air, after which the thin end of the ampoule was broken. On changing the temperature of the ampoule containing 
the carbon, the pressure in the system can be reversibly changed over the limits 10-? --1-10-"mm. After lowering 
the pressure to 1-10-°mm and taking a picture of the original clean tungsten, the experiment was started, In Fig. 1 
is shown the stages of adsorption of CsF, at pressures from 1-10~ to 1-10~*mm., The first stage of the adsorption 
suggests adsorption of the simple gases (O,,N),H,). The energy of escape increases with the filling up of the surface. 
The first part of the gas gives a slightly granular picture; at a pressure of 5-10™’mm Hg separate, bright spots ap- 
pear which are fixed in position, At a pressure of 110mm brilliant spots begin to appear, lasting for a limited 
time, only circular at first but then shaped like a “ring”, or cantilever. From the moment when mobile spots 
appear ("molecular pictures"), the emission current drops 13 times (O, lowers it at 1-10-’mm ~10*times). After 
this the emission current increases slightly, The total number of “molecular pictures" and the proportion of 
complex forms increase with pressure (Fig. 3), Lowering of the pressure always leads to a diminution in their 
number, The whole picture seems three-dimensional, strongly emitting faces appear multilayered and are pro- 
jected forward, Exposure in a field at a current of 20-25 a (p = 10-°mm) leads to an almost complete loss of 
the described contrast, If the tip is maintained at 1-10 mm pressure, and then afterwards lowered to 1.10™’mm, 
the number of spots gradually diminishes, This indicates that the “molecular pictures"are dependent on the 
molecules which are weakly attached to the substrate, The filling up of this layer depends on p. The heat of 
absorption is evaluated by measuring the duration of the existence of these “pictures” at 100 and 300°K; it is 
about 700 cal/mol. 


The relationships which hold for absorption of CgF, are true for the absorption of C,F, , with the exception 
that the latter gas does not give circular rings. In order to explain the need for using tips of small radii (because 
of the increase) and the role of the microtip in the appearance of “molecular pictures", an investigation was 
made with blunted tips (0.1-2.5u) similar to that using thin ones, Even with an extremely blunt contact, 
changed as the result of many hours tempering to a rounded, spherical shape, barely discernible doublets of C.F, 
could be observed, However, to accomplish this it was necessary to increase the pressure in the flask until there 
was a discharge, The reconstruction of this tip in the field led to an increase (~5 times) in the size of the spots 
(Fig. 2). Adsorption on microtips formed and made visible due to bombardments leads to the appearance of 
spots of almost the same form as does adsorption on plane areas, The difference lies in the high luminosity of 
the spots on projection and in their lesser definition. Sometimes in the dark regions < the picture there appear 
clear “molecular pictures," 


It is probable that for the gases under discussion at least,the filling in of the surface plays as large a part 
as the possible formation of submicrotips. Microtips, which bring a marked localized increase in emission, do 
not play an essential part in this process, The admission of O, atp=1- 10-'mm to the tip covered by C,F, 
led to a gradual fall in emission and to a change in distribution of the bright and dark areas towards the char- 
acteristic oxygen picture. Doublets were also observed in the areas, surrounding the direction (100), This in- 
dicates a displacement of C,F, by oxygen from the layers immediately linked to tungsten, Thereupon, the form 
and behavior of the “molecular pictures" remain unchanged, 


The life time of the"molecular pictures" in the case of both the unsaturated fluorocarbons which were 
studied was of the order of fractions of a second (rarely seconds), On heating the tip, the frequency of scintilla- 
tion increased, though, finally, at dull red heat, the adsorbed layer begins to come off quickly in the case of showing 
very bright and coarse spots well spread out. Desorption in high vacuum does not lead to , waagg tion of a carbon 
layer, but heating to a high temperature ( ~2000°C) in an atmosphere of C,F, at P = 1:10 © mm leads to an ap~ 
preciable layer of deposited carbon. On cooling the tip and the surrounding supports with liquid nitrogen, the 
emission pattern becomes quiescent and the lifetime of the spots increases to a few seconds. Mutually transmu- 
table forms become distinguishable (Fig. 4), Round spots which change to doublets increase in dimension; with 


a still bigger increase, they undergo transformation to a ring structure. An increase in the anode voltage shortens 
their lifetime. 


DISCUSSION OF RESULTS 


1. The connection of the appearance of doublets and rings in the presence of a double bond has been 


confirmed on a new type of compound and the possibility is shown of multiple repetition of the observation 
without the introduction of fresh quantities of gas. 
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2, The necessary participation of microtips in the formation of "molecular pictures" was not confirmed, 
3. Rings were detected even for the less-symmetrical molecules such as CsF¢. 


4. The definition of *molecular pictures” and their lifetime increased with reduction in temperature; 
this permits the clear observation of the change of molecular pictures from one form to another, 


5. The data obtained do not contradict the hypothesis expressed earlier on the role of the radicalization 
of m-bonds, Thus, the formation of such radicals immediately adjacent to the tip, before adsorption, and, owing 
to the broken m-bonds of molecules earlier adsorbed, the possibility, according to Becker, of their migration 
from lower to upper layers , are both admissible, 


6. An explanation of the form of the observed pictures and the interconversion forms is difficult on the 
basis of those used from simple geometrical considerations by a number of authors [1,2]. The fact that molecules 
which differ greatly in structure can give a picture of one and the same type with good reproducibility, suggests 
that there is a very deep underlying relationship between the form of the spots and the electronic structure of the 
molecules, In particular, it might be considered that the molecular spots transmit the probable distribution of 
electron clouds, the orbits of which take part in the formation of 1-bonds: the weak chemisorptive nature of these 
molecular bonds indicates that broken bonds do not become saturated at a surface, but locally in the molecules 
themselves, Such a variation on the hypothesis is easily combined with the earlier hypothesis, put forward in 
experimental data, on the role of m~-electron bonds, 


The authors wish to thank I. A. Bespalovoi for his assistance with this work, 
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In previous investigations [1~3] it was ascertained that oxide-carbon electrodes pressed from intimate mix- 
tures of metal oxides and carbon are reversible in molten chlorides, with respect to the corresponding cations, 
Therefore, these electrodes may be used in a thermodynamic investigation of some reactions by measuring e,m.f, 
[4-6]. This applies in particular to two types of chlorinations; 


1) MegOn@) + C(s) + = 2MeCl, ( melt ) +4 COs (g). 


where the oxide does not react to a measurable extent with the molten chloride, as for instance, is the case with 
beryllium , calcium and thorium oxide-carbon electrodes, and 


—2 
Me,0,(s) + Cie) + (2 — 2) Cla (g) = 2MeOCl (8) + COs &)- 
where the oxide reacts with the molten chloride and forms an insoluble oxychloride, 


By using an oxide~carbon electrode containing uranium dioxide in our experiments we verified the useful- 
ness of this method for an investigation of the reaction thermodynamics for a chlorination of the second type. It 
is known [7] that at and above 600° the dioxide reacts with the molten tetrachloride and forms the oxychloride 
UOCI,. In the literature there are no data on the solubility of this compound in molten chlorides, In one [8]of our 
investigations, however, it was found that thorium oxychloride, ThOC],, is practically insoluble in molten chlor- 
ides and in molten mixtures of fluorides and chlorides, One may expect that the oxychloride of tetravalent ura- 
nium will have analogous properties, 


If this is the case, the uranium oxide-carbon electrode containing dioxide must absorb uranium tetrachloride 
from the melt until its concentration attains a value corresponding to the equilibrium: 


UO, ) UCI, ( melt 2UOCI, (s) 


Obviously, the equilibrium potential which is attained after some time is determined mainly by this con- 
centration and will not depend on the initial tetrachloride concentration in the melt nor on the ratio of oxide and 
carbon in the electrode, However, one should keep in mind as well that, as a result of the difference in specific 
weight between the dioxide and the oxychloride, the electrode may disintegrate and, the greater the amount of 
absorbed tetrachloride, the more disintegration occurs. Such a disintegration caused by the formation of oxychloride 
was observed by us [1] with thorium when the melt contained more than 25 weight % Thc]. 
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Thus, by using the uranium oxide-carbon electrode (UO,+C) in combination with a chlorine electrode in 
molten alkali chlorides containing uranium tetrachloride and measuring the e.m.f. € as a function of tempera- 
ture in cells of the type; 


UO, +C+ met NaCl -+KCIl+ 


one may find the free energy change, AZ, of the reaction: 


UO, (s) + C + Cla (g) = UOCI, = 4-CO, @) 
AZ =— 46124* cal/mole UOC), 


The oxide-carbon electrodes were prepared from uranosic oxide obtained by heating the peroxide in air at 
600°. The fine powder obtained in this way was mixed in the required proportion with sugar syrup and the water 
was evaporated until a powdery substance formed, from which cylinders with a diameter of 10 mm and a length 
of 5-15 mm were pressed under a pressure of 4000 kg/ cm*, These were fired without admission of air under a 
layer of carbon by gradually raising the temperature to 800°. During this treatment the uranosic oxide was re- 
duced by the carbon. An analysis of the fired electrodes showed that they contained dioxide with a composition 
varying from UOg.o2 tO UOg og, and sufficient free carbon to convert all oxygen into CO,. In separate experiments 

the molar ratio of dioxide and carbon was specially varied in broad ranges between 
1:1.6 and 1:200. The electrodes were attached to spectroscopically pure carbon leads. 


A solution of uranium tetrachloride was used as electrolyte either in a molten eu~ 
tectic mixture of lithium and potassium chlorides (t,, = 352°), or in a molten equimolar 
mixture of sodium and potassium chlorides (t,,*662). The uranium tetrachloride was 
prepared by the chlorination of dioxide with carbon tetrachloride at 500° in a pure argon 
stream. The sublimated tetrachloride was purified by a second sublimation in vacuum 
at 700°, The construction of the cell in which the measurements were carried out is 
shown diagrammatically in Fig. 1. A lead electrode was employed as reference elec- 
trode; it was placed in a separate tube filled with a molten eutectic of LiCl] and KC! to 
which 8 weight % PbCl, had been added, In separately executed experiments the tem- 
perature dependence of the e,m.f, between the lead and the chlorine electrode was found, 
After subtraction of the thermo-e,m.f, between the carbon cylinder of the chlorine elec- 
trode and the molybdenum current lead of the lead electrode the following empirical 
equation is satisfied: 


€ = (1.639 —3,04 - 10 T 


Before the experiments dry hydrogen chloride was bubbled through the molten salts 

_in the cell to free them of possible hydrolysis products, and after this the melt was kept 
Fig. 1. The cell, 1) in vacuum to remove the dissolved gasses, The space above the electrolyte was filled 
Quartz tube; 2)ther- — with an equilibrium mixture of CO, + CO obtained by passing carbon dioxide through 
mocouple; 3) mo- a tube filled with broken carbon which was heated to the temperature of the experiment 
lybdenum current (C +CO, = 2CO). The cell was placed in a massive metal block heated in an auto- 
lead to the lead matically regulated electric resistance oven by which it was possible to keep the tem- 
electrode; 4) car- perature constant within +2°, The e.m.f. of the oxide-carbon electrode and the lead 
bon leads; 5) oxide- — electrode was measured during a long time until it attained a constant value (did not 
carhon electrodes; 6) change more than +3 mv during an hour), 


olten lead; 7) elec- 
sites ee The equilibrium e.m.f, attained did not depend on the initial concentration of 


uranium tetrachloride in the melt nor on the ratio of uranium dioxide and carbon in the 

electrodes, but was determined solely by temperature, These factors, however, had a 
considerable influence on the way in which the equilibrium e.m.f. of the cell was attained with time, The small- 
er the amount of uranium tetrachloride and the higher the temperature, the more rapidly the equilibrium values 
were attained, When the other factors were kept constant, then the electrodes with a higher carbon content 
(which were more porous) attained the equilibrium potential more rapidly. This may be illustrated by the results 
of the experiments which are shown graphically in Fig. 2. 
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When the uranium tetrachloride concentration in 
the melt was high, such disintegration of the oxide-car- 
bon electrodes was observed that they were entirely 
used up before the equilibrium potential had been at- 
tained, At relatively low UCI, concentrations in the 
electrolyte the electrodes did not ‘disintegrate notice~- 
ably. They attained the equilibrium potential and, 
furthermore, did not undergo any perceptible change, 
just as is the case with electrodes placed in a melt of 
alkali chlorides to which no uranium tetrachloride has 
been added, The establishment of the equilibrium 

4 e.m.f, corresponds to the attainment of the equilibrium: 
a0 a0 be (s) + UCly (melt) (s). An analysis of 
Fig. 2, The change of the cell e.m.f, with time the solidified electrolyte showed that the equilibrium 
1) In a melt of Lic] + KCl containing 0.93 weight concentration of uranium tetrachloride amounts to some 
% UClg molar ratio UO,: C = 1:1.6, 2) Meas~ thousandths of a percent in the temperature range 600- 
sured in a melt of LiCl + KCl containing 2.0 900° investigated by us. The temperature dependence 
weight %UClg molar ratio UO, : C = 1; 200, of the equilibrium e.m.f, has been measured in electro- 
lytes containing no more than 6 weight UC]. It must 
be noticed that, after the equilibrium concentration of 
uranium tetrachloride had been established in the electro- 
lyte, the e.m.f, kept up far more rapidly with the 
temperature changes, The results of the measurements 
relative to the chlorine electrode are shown graphically 


in Fig. 3. 


lt The experimental points lie on the straight line 
. which corresponds to the equation: € = (0.713 + 4.8 ° 


w& 


ec sure 0 
Fig. 3. The dependence of equilibrium e.m.f, a @ilotindtion which BY 
on the temperature in the cell UO, + C + UOCI,/ 
LiCl, KC], UCL/Cl, , C. 
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UOs (s) + $C + Cle G) = + COs (g) 
AZ = (— 32900 — 2,27) cal/mole 


Therefore, the reaction heat AH =—32,9 kcal/mole UOC], and the reaction entropy As = 2.2 cal/ deg - 
* mole UOC]. 


From thermodynamic data in literature [9] and the values of AZ found by us, one may calculate the stand- 
ard formation enthalpy and entropy of uranium oxychloride; 
AHYoa, = MH + AHb0,—+ AHco, = 
= 32 900—270 000 + + 94000 = — 255900 cal/ mole 


Stoc, = AS + Sto,(g)= 


= 2,2 + 18,6 + 453,354 49,2 cal degy mole 


7 
= 


For the thermodynamic constants of the oxychloride found are the following values in [7 AHggg = —261.7 
calfmole and Soop = 38,1 eu, Obviously, within the accuracy of the calculations and the errors of the measurements, 
there is a very satisfactory agreement between the enthalpies of formation but a rather large disagreement be- 
tween the entropy values, Possibly, this is connected with particularities in the structure of the oxychloride 
formed under the conditions of our experiments, 


This shows that the measuring of electromotive forces is a useful method for a thermodynamic investiga ~- 
tion of a chlorination which leads to the formation of oxychlorides, 
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THE INFLUENCE OF THE CHROMIUM CONTENT ON THE ELECTRO- 
CHEMICAL AND CORROSIONAL BEHAVIOR OF IRON-CHROMIUM ALLOYS 
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L. Ya. Karpova Physicochemical Institute Scientific-Research 
(Presented by Academician A, N, Frumkin October 1, 1959) 


(Translation of; Doklady Akad Nauk SSSR, Vol, 130, No.3, 
1960, pp. 585~588) 


Original article submitted September 24, 1959. 


The opinion that an increase of the chromium content in Fe~-Cr alloys enhances their corrosion resistance 
is widely spread in literature, Besides, it is often pointed out that there exists a definite concentration limit, 
equal to 13%, above which the corrosion rate of the alloys very sharply decreases, 


The existence of such a concentration limit is generally connected with the Tammann rule,according to 
which there exists a composition limit for alloys, called “resistivity limit" by Tammann; after this limit is 
reached, the dissolving of alloy in a medium agressive to one of its components practically comes to a stop, 


However, in this case, one often loses sight of the fact that the "resistivity limit* is not wholly determined by 
the alloy composition, but depends also upon the composition of the medium, as was already pointed out in 
the investigations of Tammann himself [1]. 


The corrosion resistance of an Fe~Cr alloy is highly dependent on the composition of the medium, One 
may, for instance, point out that for some sulfuric acid concentrations the transition to alloys with a chromium 
content higher than the aforementioned “limiting” value is accompanied by a sharp decrease in the corrosion 
rate [2]. An analogous observation has been made for a 65% solution of HNOg, in which the dissolution rate of 
Fe-Cr alloys also containing some nickel noticeably increases when the chromium content is raised from 9.8 
to 19.9%[2]. In other cases, however, the curve describing the dissolution rate of the alloy as a function of 
its chromium content goes through aminimum, as, for instance, takes place for Fe-Cr-Ni alloys, in a mixture 
of sulfuric and nitric acid where raising the chromium content of the alloy from 5 to 19% leads to a decrease 
and raising from 23 to 27% to an increase in corrosion rate [3]. 


The dependence of the "resistivity limit" value upon the aggressiveness of the medium has been considered 
in papers of a series of authors [4,5], However, at present there is no satisfactory explanation of the above- 
mentioned regularities found from experiment, 


In studies executed in our laboratory [6] it was repeatedly shown that the most objective characterization 
of the corrosional and electrochemical behavior of metals and alloys may be obtained by an investigation by 
the potentiostatic method, This method, especially in combination with one of the methods suitable for a 
direct determination of the dissolution rate, makes it possible to evaluate the corrosional characteristics of 
metals and alloys at various potentials and, therefore, at various states of the metallic surface such as the ac- 
tive or passive state of overpassivation, Since the height of the electrode potential and, therefore, the state of 
the metallic surface of the alloy depends noticeably upon the alloy composition and on the composition and 
the concentration of the solution, such a method makes it possible to characterize more completely the corro- 
sional behavior of the metal and the dependence of the parameters of this system. 
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In this study we used the potentiostatic method combined with a colorimetric determination of the corrosion 
products in the solution to estimate the influence of the chromium content on the corrosional behavior of iron- 
chromium alloys, The measurements were executed in 0,1 N sulfuric acid in a nitrogen atmosphere, The fixed 
potential values were maintained by means of an electronic potentiostat, The curves giving the dependence of 
the stationary dissolution rate upon the potential have been obtained for pure iron (Armco and Hilger) and also 
for binary Fe-Cr alloys (prepared from Armco iron and 99,9% chromium) with chromium contents from 0.1 to 
35% and for Fe~Cr alloys marked 12Kh6, 1Kh13, Kh17 and Kh28 which contained, besides chromium, up to 0.4% 


The curves obtained are shown in Figs, 1 and 2, For 
some potential values the dissolution rate of the alloys cor- 
responding to various parts of these curves has also been 
determined directly, i.e., from an analysis of the products 
dissolved in the solution, In the potential range, more 
positive than the stationary one and at most + 1.5 v to the 
normal calomel electrode (n.c.e.), the data obtained in 
this way coincided with the measured currents, 


Just as in our previous investigations of other metals 
and alloys, the curves obtained in this study for the depend- 
ence of the stationary dissolution rate of the alloys upon the 
potential are characterized by the appearance of some 
ranges (Fig. 1: active dissolution (AB), the first current 
limit (BC), passivation (CD), the passive state (DE), over- 
passivation (EF), the second current limit (FG). The part 
GH of the curve coming after the range FG corresponds to 
“Ug i(a/ em” the rise of the dissolution rate with an increasing positive 
potential, i,e., constitutes the range of alloy activation, 
the stationary dissolution rate of Fe-Cr alloys This Bas been shown, 
with various chromium contents ; 1) 0.1% 2) which the dissolution rate has been measured by an analytic- 
4%, 3) 8%; 4) 12%; 5) 20% 6) 27%; 7) al method in the whole range of potentials (Figs. 2, 5). 
35%; 8) cathodic curves, As is obvious from Fig, 2, the anodic passivation of 

iron produces a decrease in the dissolution rate to a value 
scarcely one order of magnitude smaller than the rate in 
the range of the first current limit, Alloys with a low (up 
f, v(n.c.e. ) to 4%) chromium content submit still more difficultly to 
~10 anodic passivation. In the curves for these alloys the passiv~- 
ation range is absent (Fig.1, curves 1,2). A further increase 
in the chromium content of the alloy has a varying influence 
on the character of the potentiostatic curves, Alloys con- 
taining less than 13% Cr are characterized in the investigated 
range of potentials by the absence of both overpassivation 
and the second current limit, In the curves for alloys with 
a chromium content of 13% and higher the range of the 
first current limit does not occur, However, the essential 
difference lies in the sharp decrease (nearly three orders of 
magnitude) in the dissolution rate of the alloys in the 
passive state which suddenly appears when one passes from 
alloys with a Cr content below 13% to alloys with 13% Cr 
Ug cm?) and more, 

At the same time it follows from the data obtained 

that there also exist ranges of the potential in which an in- 


crease in the Cr content of the alloy does not produce a de~- 
crease but an increase in its dissolution rate, 


Fig. 1. The dependence upon the potential of 


Fig. 2, Cathodic (1) and anodic (2-6) potentio- 
static curves measured on Fe (2) and the alloys 
marked; 3) 12Kh6; 4) 1Kh13; 5) Kh 17; 

6) Kh 28. 
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v(n.c.e.) 
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TABLE 1 This concerns the range of the second current limit (see 


Creontent in Figs. 1 and 2) and also the range of active dissolution, as is ob- 
the aftoy —F ta my is, af cm?® vious from Table 1, in which are given the values of the station- 
Fe-Crof (n, c.e) ary potential and the corresponding dissolution rates of iron and 
0 560 9.40-5 Fe~Cr alloys, 
Thus, an increase in the chromium content of Fe-Cr alloys 
8 580 4-10-4 produces a rise of the dissolution rate in sulfuric acid at potentials 
bo 7 i near to the stationary one and 1 v positive to the normal calomel 
27 630 7.4074 electrode, and a decrease at intermediate potentials which is 
35 630 7-10-4 particularly sharp at the transition from alloys with 12% Cr to 


alloys with 13% cr, 


One may notice that the data obtained by us for Fe and 
some of its alloys with Cr quantitatively disagree with the data 
of Franck [7] for Fe and those of Olivier [8] for Fe-Cr according 

to which the dissolution rate of Fe in 1 N H,SO, and its alloys with 2.8-18% Cr in 10% H,SO, in the passive state 
decreases monotonically with increasing chromium concentrations and has a value below 10° *° amp/ cm’, 


Eventual causes of this disagreement have previously been pointed out by us [9], However, it must be under- 
lined here that, in contradiction to our conclusions, the existence of a composition limit for Fe-Cr alloys char- 
acterized by a sharp change of its corrosional stability in any range of potentials does not follow from the data of 
Olivier, At the same time the existence of such a composition for a series of mediums (characterized by the 
value of 13% Cr) may be considered a firmly established fact, From the results obtained by us, it follows that the 
alloy composition cannot serve as an unequivocal characterization of its dissolution rate. For a judgment of the 
influence exerted by a regular change of the alloy composition upon its corrosional behavior one must inevitably 
use the potentiostatic curves from which for each potential value one may determine the character of the change 
in the dissolution rate of the alloy as a function of its composition, 


Our conclusions are confirmed by the data of Sugotin and Antonovskaya [10] and those of Pravak (11). 


If the dissolution rate of alloys at a given composition is supposed to be unequivocally determined by the 
potential, then one may use, in accordance with the results of [6], the potentiostatic curves measured in the 
given medium to deduce the dissolution rate of the alloys in the same medium with any additions, For this it is 
sufficient to measure the stationary potentials in the corresponding solutions with the additions, At the same 
time of course, it must be kept in mind that some additions may influence the overvoltage of the anodic reaction 
or change the current limits, In such cases one must inevitably execute supplementary potentiostatic measure ~ 
ments in solutions with these additions for the involved ranges of potentials. 


For Fe~Cr alloys this concerns first of all the range of the second current limit for which at a given poten- 
tial the composition is extremely important, as follows both from the data in [10] and from data obtained by us 
(which will be published separately), 


From this study it follows that it is impossible to explain the Tammann rule without taking into consideration 
the potential of the alloy and its potentiostatic curves, 


Wethank L, A. Banyukova and A. A. Babakov for the supply of the alloys and for the discussion of questions 
connected with their properties, 
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ADSORPTION OF NITROGEN GAS ON MODIFIED 
ACTIVATED CARBON 
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The introduction to the sorption area of an adsorbent of molecules of substances which are strongly bonded 
to its surface can change its sorption properties to a considerable extent. Such a “modification" of an adsorbent 
is obtained either by chemical conversion of its surface (for example by the introduction of chemically combined 
radicals), or by physical adsorption of “modifiers”, i.e., compounds which possess negligibly small vapor pressures 
on the adsorbent at the temperature of the experiment. In this paper we will speak only of the phenomena which 
are linked with "physical" modifications, By observing the change in the fundamental characteristics of the ad- 
sorption equilibrium of any substance (for example,nitrogen), with the adsorbent and gradually increasing amounts 
of the modifier, it is possible to discover the variation of the parameters in the adsorption isotherm equation, to 
follow the gradual change in the curves of pore*volume distribution with the amount, to investigate the character 
of the variation of the differential heats of adsorption, and to form an idea of some of the properties of the sub- 
stance in the adsorbed state, It should be seen from this that the sorption of the vapor of any substance on such a 
modified adsorbent presents a unique and particular case of the sorption of a mixture of two substances, in which 
the vapor pressure of one of the adsorbate materials on the adsorbent is always practically equal to zero, 


The first investigations of the adsorption of nitrogen gas at -195° on activated carbon modified by adsorbed 
water was carried out by an American worker [1]. The conclusions drawn from this work do not appear to us to be 
very convincing, since the formal determination of the specific surface of the activated carbon according to the 
B.E.T. equation in the given case can hardly be justified theoretically [2]. Almost simultaneously with this work 
[1], an investigation was carried out on the adsorption of water vapor on activated carbon which had been modi- 
fied with dibutylphthalate [3]; however, this work permitted only qualitative conclusions to be reached, Later 
Barrer and Rees [4] studied the adsorption at low temperatures of a series of gases on zeolites which were modi- 
fied by water, ammonia, and methylamine, and showed that by such a method the dimensions of "molecular 
sieves", which are used for the separation of inert gases, could be varied smoothly. We also noted work by Singleton 
and Halsey [5] in which the adsorption of argon on adsorbents modified by xenon was studied, 


In the present article, we present the reults of our investigation of the adsorption of nitrogen gas at -195° on 
activated carbons modified with different quantities of water, methyl alcohol, and benzene, We did not use the 
method of very slow reduction (up to twenty-four hours) of temperature of the adsorbent, which is initially in equil- 
ibrium with the vapor of the modifier at a higher temperature, Instead we used a method of rapid temperature 
reduction of the adsorbent in an atmosphere of helium for the fixation or unique "chilling condition of the ad- 
sorption equilibrium, which was first attained at 20°, In order to carry out the experiments we used an apparatus, 
described earlier [6], for the measurement of nitrogen gas adsorption by a gravimetric method; with this apparatus 
we were able to measure small changes, To speed up the cooling process the thickness of the gaseous layer be- 
tween the adsorbent and the cooled partition of the lower part of the weighing tube was shortened to ~ 3 mm, 


The internal diameter of this tube was less than 10 mm and the 
granules of carbon(usually weighing about 100 mg ) were placed 
in it vertically suspended on a cylindrical spiral balance of dia- 
meter 3 mm, made of nichrome wire 0.1 mm in diameter, To 
obtain carbon with a specific amount of the adsorbed modifier 
the adsorbent is first evacuated at 450° and then kept in an at~- 
mosphere of the modifier vapor at 20° until the adsorption equil- 
ibrium is attained, after which helium is introduced into the 
weighing vessel at a pressure of ~10 mm Hg. After this the lower 
end of the tube containing the adsorbent is rapidly immersed in 

a Dewar flask of liquid nitrogen, Because the thermal conduc- 
tivity of helium and the rate of diffusion of the modifier vapor 
through the gas are small, at the temperature of liquid nitrogen, 
generally no desorption of modifier is observed during cooling. 
Half an hour after the start of cooling, most of the helium can 
be recovered in a cylinder by means of a Topler mercury pump, 
and the weighing vessel is pumped out at a pressure of ~1°10~inmHg, 


A laboratory sample of granulated de-ashed carbon, which 
had been activated with carbon dioxide at 950° up to 50% char- 
ring, was taken for the experiments, From the nitrogen gas ad~ 
sorption isotherm it was found that for this carbon the micropore 
volume is equal to 0,480 cc/g, and the volume of the inter- 
mediate pores 0.190 cc/g. All measurements were carried out 
on the same batch of this carbon, successively modified with dif- 
ferent quantities of water, methyl alcohol, and benzene, The ex- 
perimental data obtained were analyzed from the point of view 
of presenting a possible theory of adsorption developed in our 
laboratory (7, 8]. For this it was found that in each of three ser- 
ies of experiments the measured adsorption of nitrogen gas over 
a wide range of relative pressures h was represented well by an 
equation for adsorbents of the first structural type [7} 


— teh 
a=—*e (1) 


where Wois the limiting volume of the sorption space, V is the molar volume (for liquid nitrogen equal to 34,7 
cc/ mole) of the adsorbed material, B is aconstant which depends both on the dimensions of the micropores, 


which determine the effect of an increase of adsorption potentials, and on the nature of the adsorbent surface, 
and B is the affinity coefficient of the characteristic curve, 


To illustrate the experimental data, in Fig, 1 the adsorption isotherms of nitrogen gas on carbon modified 
by methyl alcohol are shown; the coordinates used for the plot correspond to a linear form of Eq. (1). The num- 
bers placed near the isotherms indicate the degree of adsorption of methyl alcohol in mmoles/g, Analogous sets 
of linear isotherms for adsorption of nitrogen were obtained by us for carbon modified with water, and for carbon 
modified with benzene. From the values of the intercepts on the ordinate axes and from the slope of the linear 
isotherm, the parameters Wy and B can be calculated for the series of adsorption isotherms corresponding to each 


modifier, and the values obtained for these parameters may be represented as functions of the amount of modifier 
adsorbed 


The dependence of the determined micropore volume Wp on 4a, for water (curve 1), methy) alcohol 
(curve 2), and benzene (curve 3), is shown in Fig, 2, In all three cases Wy decreases linearly with increasing a9, 
and only after a 70-80% saturation of the volume Wg is a divergence from the linear relation observed, The 
gradient of the linear portion of each curve of Fig, 2 is obviously equal to the molar volume of the modifier, 
and the reciprocal value to the effective density of the material in the adsorbed state, We call this the effective 
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TABLE 1 


density, with the aim of emphasizing the distinction between it and the normal density in the bulk phase, In the 
given case we are speaking of the density of the solid material as it is found in an exceptionally highly dispersed 
state (in micropores with dimensions of the order of 10 A), and therefore there is no reason to expect that this 

value will be equal to the normal density in the bulk of the solid phase, In Table 1 the values for the effective den- 


Material 


des g/ce dn» g/cc 


H,0 
CH,OH 
CoH 


025 


sorbed modifier, 


050 


bon micropores, the normal crystal lattice is distorted by the adsorption fields of the adsorbent itself. 


In Fig. 3, the dependence is shown for water (curve 1), methyl alcohol (curve 2), and benzene (curve 3), of 
the parameter B on the value for the saturation by the modifier of the volume apv, in cc/g, and on the value for 
the degree of filling © = a,v,/Wo. In the construction of this graph the values for the molar volume of the 
modifier v, were calculated from the density d e* For all three materials the parameter B at first increases very 
slowly and nearly linearly, and starts to rise rapidly only at high values of 9, It should be noted that the increase 
in B and the linear decrease in Wo with the increase in a, was observed earlier in our laboratory during the analysis 
of results on the measurement of adsorption of mixtures of water and ethyl chloride on activated carbon [9, 10]. 
The increase of B can be thought of as a consequence of at least three factors; the change in the distribution 
function of pore dimensions, which depends on the gradual closing of the finer pores by the adsorption of increas- 
ing amounts of modifier; the variation in the dimensions of the pores accessible to nitrogen by adsorption of the 
modifier on their walls; and finally the variation in the nature of the adsorbent surface brought about by the ad- 


The authors wish to thank V. N, Pechenova for help with the construction of the apparatus, 
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sity de for water,-methyl alcohol, and benzene in the micropores of 
activated carbon at -195° are shown, Also shown are the values for 
the normal densities dp of these substances in the bulk phase at-195° as 
measured by our method of hydrostatic suspension in liquid nitro- 
gen, From a comparison of these values it can be seen that for 
all three materials the density d, is 30-40% less than the normal 
density, We are inclined to think that the abnormally low values 
obtained for the densities of the solid adsorbed phases in the micro- 
pores of carbon characterize the actual properties of these phases, 
The lower values of the densities are dependent on the extremely 
high degree of dispersion of the solid modifier, as a result of which 
a very considerable increase appears in the lengths of the molec- 
ules found on the surfaces of submicrocrystals or some quasi~ 
crystalline formations in the micropores, It is also possible that 

in such highly dispersed solid phases, such as are found in the car~- 


0.55 0.95 
0.67 1.14 a 
Vv 
2 
2 
0 
QO 020 03 00 
a 
Fig. 3. 
: 
85 


LITERATURE CITED 

[1] P. H. Emmett, Chem, Rev, 43, 69 (1948), 

[2] M. M. Dubinin, E. D, Zaverina,et al., Izv. Akad, Nauk SSR, Otdel, Khim, Nauk (in print),° 

[3] M. M. Dubinin and E, D, Zaverina, Zhur, Fiz, Khim, 23 , 57 (1949), 

[4] R. M. Barrer and L, V. Rees, Trans, Faraday, Soc, 50, 852 (1954), 

[5] J. H. Singleton and G, D, Halsey, Jr., J. Phys. Chem, 58, 330 (1954), 

(6] B. P, Bering, M. M. Dubinin et al, Zhur, Fiz. Khim, 31, 712 (1957). 

[7] M. M. Dubinin, E, D. Zaverina and L, V. Radushkevich, Zhur, Fiz. Khim, 21, 1351 (1957). 

[8] K. M. Nikolaev and M. M, Dubinin, Izv, Akad, Nauk SSR, Otdel, Khim, Nauk 1165 (1958).” 

[9] B. P. Bering and V, V. Serpinskii, Izv. Akad, Nauk SSR,Otdel. Khim, Nauk 7, 1186 (1959); 
[10] B, P. Bering. Thesis (Moscow, 1957) [In Russian], 


* Original Russian pagination, See C, B, translation. 


86 


THE REDUCTION OF INDIUM ON THE DROPPING*=MERCURY ELECTRODE 
IN THE PRESENCE OF CERTAIN ORGANIC AND INORGANIC CATIONS 


Kh, Z. Brainina 
A. M. Gor'kii Ural State University 
(Presented by Academician A. N, Frumkin September 30, 1959) 


(Translation of; Doklady Akademii Nauk SSSR, Vol, 130, No.4, 
1960, pp. 797-800) 


Original article submitted September 24, 1959, 


A study of the mechanism of the reduction of indium on the dropping~mercury electrode is of interest be- 
cause the reversibility of this process is dependent on the nature of the background, The reduction of indium 
from solutions of sulfates or perchlorates is known to proceed at high overvoltage, whereas the process is rever- 
sible and occurs at more-positive electrode potential when ions such as Cl™ and Br™ are present, There is, how- 
ever, a sharply defined minimum on the polarization curve in that region of potential in which a diffusion cur- 
rent should be observed [1,2]. 


The effect of a number of organic and inorganic cations on the kinetics of the indium reduction at the 
dropping-mercury electrode has been studied in the present work, Polarization curves obtained under various 
conditions are represented in Figs, 1-3, The following cases will be considered; 


1. TheReduction of Indium in the Presence of Various Cations from Solutions of Fixed Chlorideon Concen- 
tration, The first current rise on each of the polarization curves is at -0,.55 v and is due to the indium reduction, 
The current falls off in the potential interval from -0,.65 to -0.75 v depending on the background composition, 
the fall-off being the more strongly expressed the higher the valence of the background cation (Fig. 1, 1,2,5 and 
Fig. 2,1, 2). It is interesting to note that the minimum in the potential region from -0.67 to -1.35 v becomes 
deeper when the La®* ion concentration of the solution is increased at fixed chloride ion concentration (Fig. 1, 

4, 3,1). The reaction rate increases, on the other hand, in the order Na*t< Rb*< Cs* over the potential interval 
ion 0,65 to 1,28 v, Hydrogen reduction and miscellaneous electrode processes account for the further increase 
in the current in solutions which are highly concentrated in regard to the background (0.9 N). 


The current rise comes somewhat nearer the minimum on polarograms obtained in 0.5 N chloride solutions 
(pH 3.0, Fig. 2) than is the case in more concentrated solutions of this same cation, and a sharp inflection point 
appears on the polarization curve for the indium reduction in 0.5 N NaCl at a potential of -1.4 v (Fig. 2, 2).Less 
sharply defined inflections are also observed in RbCl and LaCl, (Fig. 2, 3,1), these being at 1.48 and 1.5 v, 
respectively, Comparison of Curves 4 and 5 which were obtained in 0.5 N NaCl and 0,5 N LaCls at pH 3.0 with- 
out indium, with Curves 2, 3, and 1 makes it clear that the current rise beyond the minimum is due to indium 
reduction, and that hydrogen-ion reduction, beginning in this same potential interval, accounts for the fact that 
the polarogram shows a more or less sharply marked inflection instead of an interval of diffusion currents, 


Curves 2, 7, and 8 show the surface tension of mercury at the potentials covered by the negative branch 
of the electrocapillary curve to be lower in RbCl solutions than in NaCl solutions, this being in agreement with 


measurements of the differential capacity of the electrical double layer on mercury which have been made in 
these solutions [3]. 
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2. The Reduction of Indium in the Presence of 
Various Cations from Solutions with Fixed Chloride-Ion 
Activity, A comparison of Curves 5 and 6 of Fig, 1 
briags out the fact that the retardation of the electrode 
process in the potential interval from 0,65 to 1.23 v is 
not so marked in the presence of a trivalent cation 
(La® ), Curve 6 was obtained in the reduction of in- 
dium from a potassium chloride solution and lies above 
Curve 5, 


3. The Reduction of Indium in the Presence of 
Tetraalkyl Ammonium Salts, Figure 3 gives polaro- 
15 V grams for the reduction of indium on a background com- 
-y ——- (satd, cal, elec,) posed of 0.9 N KCI and tetra-salts, A comparison of 
Curves 1-3 with polarization curve 4 shows that tetra- 
butyl ammonium chloride at 5 - 10> M concentration 
markedly diminishes the indium saturation current, The 
wave is almost completely suppressed when the concen- 
tration of this salt is to 1.5-10™M. Tetra- 
+ 0.85N KCl; 5) 0.9 N KCl (a = 0.56); 
b) LaCl, (a = 0,56, pH 3,0), methyl ammonium chloride is much weaker in its action, 
Indium complexes are known to exist in chloride 
solutions [1,2], We have determined the compositions 
of these complexes from the data of DeFord and Hume 
{4] the relation between the indium half-wave poten-~- 
tial and the chloride-ion activity of the solution; 


Fig. 1, Polarization curves for the reduc~ 
tion of 0.001 M InCl, from solutions of; 
1) 0.9 N LaClg; 2) 0.9 N SrCl,; 3) 0.2 


a. 0,08 0,23 0,33 0,£3 0,69 41,14 4,74 
0,560 0,574 0,£80 0,590 0,£95 0,610 0,622 


The half-wave potential for the reversible reduc- 
tion of indium in the absence of chloride ions was re- 
quired for these calculations and its value was obtained 
by extrapolating the Cozzi and Vivarelli [1] equation 
relating half-wave potential and chloride-ion concen- 
tration at fixed ionic strength to C,, = 0. DeFord and 
Hume claim that the relation between the Cl” fon ac- 
tivity and the F~function for the last of the complexes 
existing under these conditions is linear and yields a 
straight line parallel to the axis of abscissas, while the 


corresponding relation for the preceding complex is 
covered by a straight line of positive slope, The rela- 
tion is curvilinear in every other case, It can be con~- 
cluded from Fig. 4 that the complexes Incl**, Incl,", 
and InClj’ exist in 0.1-3.0 N KC] solutions. 


Fig. 2, Polarization curves for the reduction of 
0,001 M InCl, from solutions of; 1) 0.5 N LaCly; 
2) 0.5 N NaCl; 3)0.5.N RbCl]; 4,5) 0.5 N NaCl; 
and LaCls, respectively, without indium, 6) 0,5 
N CsCl; 7,8) electrocapillary curves for mer- In chloride solutions, the reduction of indium at 
cury in 0.5 N NaCl and RbCl, pH 3.0. the dropping-mercury electrode begins at potentials 
which are close to the null-charge potential for mer- 
cury. It is possible that the indium complexes are then 
oriented with their negative ends toward the electrode to form a special type of those “anionic ridges* which 
have been shown by A, N, Frumkin [6] to facilitate the transfer of electrons from an electrode surface to a re- 
ducing particle, This kind of orientation can occur only within a rather narrow potential interval near thehalf- 
wave potential of indium since anion adsorption becomes impossible when the cathodic polarization is increased 
and the negative surface charge of the mercury rises, It is clear that the orientation of the complex particles in 
the electrical double layer will alter in passing from the more-positive electrode potentials to the more-negative 
and that the conditions will then become unfavorable for the electrode reaction, 
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It is natural to anticipate that any factor favoring 
y such an orientation of the indium complexes in the elec- 
al- trical double layer as would direct their anionic ends 
toward the electrode surface would also favor the elec~ 
trode process, 


A. N. Frumkin and his collaborators have shown 
in a series of papers [7] that the introduction of certain 
cations into solution will increase the adsorption of 
anions even in that region of potentials where their ad- 
sorption is not otherwise observed, Thus it can be ex- 
pected that the introduction of La®* 
RyN into solution would lead to a partial removal of 
those kinetic hindrances which are observed in the re- 
duction of indium in KC] and NaCl solutions, 


G 0 


Fig. 3, Polarization curves for the reduction of 


indium from solutions containing 10° mM InCl, + Account should, however, be taken of the fact 
that the indium complexes as a whole can be either 
+ 0.9 N KCl + nRyNCI (R is an organic radical ), 
+ neutral or cathodic,so that foreign ions will exert a 

PH 2.5; 1) 0.02 M (CHs),NCl, 2)5°10°M 

an twofold effect which will depend on their nature: 1) 
8) 10M facilitating the dragging of the indium complexes into 
without addition, 88!ng P 


the electric double layer by their anionic ends, and 2) 
completely displacing the positively charged particles 
from the space adjoining the electrode , thus diminishing 
the reaction rate by altering the ¥,-potential in the 
positive direction [7]. It is clear that this effect must 
increase with the cation charge, 


300\- The experimental data show that there is a pro- 

4 (2) nounced increase in the reaction rate in the case of the 
univalent cations, the order of increase being 

Na* < Kt < Rbt < Cst, 


The decrease in the diffusion current of indium in 
the presence of organic cations could be the result of a 
retarded penetration of the reducing particles to the elec- 
trode surface, Tetramethyl ammonium chloride does 


6/2) not decrease the indium saturation current in the kinetic 
fla) region, 


The second effect prevails in the presence of 


0 0 0 multivalent cations and is clearly increased by the re~- 
. duction in Cl” ion oie arising through replacement 
of by sr** andLa®*. An insignificant acceleration 
of the is observed when is present in electro- 
activity lytic solutions of sufficiently high activity, but this ef- 


fect is much weaker than that which is observed with Cs, 


The increase in the rate of the cathodic process when the cathodic polarization is high (Fig. 2) and the re- 
ducing particle can only so orient that its positive end is toward the electrode surface is obviously due to direct 
transfer of the electron from the electrode to the indium ion, Foreign cations should exert the same effect on 
this process as on the hydrogen-ion discharge, if the situation is actually so [5]. It is to be seen from Fig, 2 that 
the indium overvoltage actually increasesin the order Na *<Rb <a’. 


Thus the mechanism for the reduction of indium ions from chloride solutions proves to be different at dif- 
ferent potentials, this being the result of alteration in the conditions for adsorption of the reducing particles, The 
electronic process is facilitated at potentials in the neighborhood of the half-wave potential by the formation of 
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“anionic bridges", while a direct transfer of electrons from the electrode surface to the indium ion is observed 
at more negative potentials, 


In concluding, I wish to express my sincere thanks to Academician A, N. Frumkin, to N. V. Nikxolaeva-~ 
Fedorovich, and to VY. A. Kuznetsov for their valued remarks in the course of a discussion of these results, 


LITERATURE CITED 


[1] J. M. Kolthoff and J, J, Lingane, Polarography (New York, 1952) p, 519; L. I, Busev, The Analytical 
Chemistry of Indium [in Russian] (Moscow, 1958); D. Cozzi and S, Vivarelli, Z. f. Electrochem. 57, 408 (1953); 
M.Bulovova, Coll, Czech, Chem, Com, 19, 1123 (1954), 


(2) Kh, Z, Brainina and S, K. Chirkov, Abstracts of Reports, Conference of Workers of Universities and 
Plant Laboratories in Southeastern USSR (Rostov-on~Don, October, 1958). 


[3] D. Grahame, J, Electrochem, Soc, 98, 9, 343 (1951), 
(4] D. D. De Ford and D, N. Hume, J. Am. Chem, Soc, 73 , 11, 5321 (1951), 


[5] A.N. Frumkin, V. S. Bagotskif, Z. A. Iofa, and B, N. Kabanov, The Kinetics of Electrode Processes 
{in Russian] (Moscow, 1952), 


(6] A. N. Frumkin, Izvest, Akad, Nauk SSSR, Otdel Khim Nauk 12, 1429 (1957);" A. N. Frumkin, Transac~- 
tions, Fourth Conference on Electrochemistry, October 6, 1956, (Izd. AN SSSR, 1959). 


(7) A. N. Frumkin and N, V. Nikolaeva~Fedorovich, Vestn, MGU, ser. matem., mekh,, astr., fiz., khim., 
4, 1957; A. N. Frumkin, B, B, Damaskin, and N, V. Nikolaeva-Fedorovich, Doklady Akad. Nauk SSSR, 115, 4, 
151 (1957), 


* Original Russian pagination. See C, B, translation. 


90 


© 


THE CHEMISORPTION OF OXYGEN ON GERMANIUM 
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It is well known that the surface state of a semiconductor exerts a marked influence on its electrophysical 
properties, Considerable interest thus attaches to a study of adsorption processes on germanium and the proper- 
ties of its adsorbed films, The kinetics of the adsorption of oxygen on germanium has been studied here with 
the aim of elucidating the mechanism of chemisorption on this metal. 


A germanium surface is always covered with an oxide film and it is therefore necessary to devélop a 
method for cleaning the surface if gas adsorption is to be studied. Attention has recently been given to this 
problem in a number of papers [1]. Ionic bombardment in argon with subsequent high temperature degasifica - 
tion in ultrahigh vacuum has been used by Farnsworth and his co-workers for cleaning germanium surfaces [2]. 
Schlier and Farnsworth [3], and Handler [4] have pointed to the difficulties which arise in cleaning germanium 
surfaces through ionic bombardment. Low and Garrett [5] consider that a germanium surface which has been 
subjected to ionic bombardment is not free of chemisorbed oxygen, There is also indication that ionic bom- 
bardment increases the number of surface defects in germanium [6]. 


The possibility of obtaining clean germanium surfaces by vaporizing films has also been considered doubt~- 
ful since the gases evolved during heating can be taken up by the film in the course of vaporization, 


A clean germanium surface can be obtained for adsorption measurements by breaking up monocrystals in 
an ultrahigh vacuum [7]. It is desirable, however,that the method employed for freeing the surface of oxide 
films in adsorption measurements be one that could be used in a study of electrophysical properties, as well. 


In the present work , the germanium surface was freed of its oxide film by repeated reduction in hydrogen, 
Reduction of the germanium for one to two hours at 400-450° was followed by an extended degassing in a 10 tom 
vacuum at this same temperature, The reduction and degassing of the germanium was repeated five or six 
times, This reduction was followed by a degassing at 400-450° in a vacuum of 10” mm in order to complete 
the cleaning. Complete desorption of hydrogen adsorbed on germanium at 278° has been observed by Tamaru 
and Boudart [8]. The data of these authors indicate that the desorption rate increases rapidly with the tempera- 


ture, Our own experiments also show that it is easy to free a germanium surface of adsorbed hydrogen by de- 
gassing it at 400°, 


Our studies on the adsorption of oxygen were carried out with a germanium powder which had been ob- 
tained by crushing monocrystals.The surface area of this germanium powder was determined by the BET meth- 
od and proved to be equal to 620 cm*/g, The adsorption experiments were carried out with 60.4 g of germa- 
nium, The large surface area permitted a more detailed investigation of the mechanism of oxide film forma- 
tion, The study of the adsorption of oxygen on germanium was made by the same method which we used ear- 


lier in investigating the adsorption of oxygen on iron [9]. This method has also been applied by Rideal and 
Trappnel [10] to a study of the adsorption of oxygen on tungsten, 


ia: 


Our germanium powder was reduced, degassed, and cooled to room temperature; small portions of oxygen 
were then adsorbed and study made of the rate of uptake of each of these, The initial pressure of each portion 
was approximately 0.07 mm, The results obtained in this study of the adsorption of oxygen on germanium are 
presented in Fig. 1. These data indicate that there are two stages in the adsorption, a rapid and a slow, The 
rate of adsorption in the rapid stage is practically independent of the degree of coverage of the surface. The 
amount of rapidly adsorbed oxygen corresponds to the formation of a monoatomic layerwhen it is assumed that 
_ one germanium atom on the surface adsorbs a single oxygen atom, The number of atoms per 1 cm’ surface of 
ther germanium powder was taken as 7,7 + 10 on the basis of the data of Green, Kafalas and Robinson [7]. 


Figure 2 shows the relation between the amount of oxygen 
taken up and 1/r, 7 being the time of half-adsorption of the 
individual portion, This figure shows that the amount of rapidly 
adsorbed oxygen is equal to the amount of slowly adsorbed oxygen: 
In distinction to the data of Green, Kafalas, and Robinson [7], 
our own experiments indicate that a relation of the form N * 
log t(N is the number of molecules adsorbed and t_ is the 
time which has elapsed from the beginning of the experiment) 
is valid only for the slow stage of the adsorption, The total 
“5 —— amount of oxygen chemisorbed on germanium powder which 
had been cleaned by reduction in hydrogen is equivalent to two 

im 1 a monoatomic layers and the same is true of germanium powders 
2040 00 60 obtained by crushing monocrystals in ultrahigh vacuum [7]. 
ore This agreement represents the only proof that a clean germanium 
Fig. 1, The kinetics of the adsorption of surface can be obtained by a reduction in hydrogen with sub~ 
separate portions of oxygen on germanium sequent degassing. 
(the curve numbers correspond to order of 
introducing the portions of oxygen), 


Ni7 


The question as to whether a germanium surface could be 
freed of oxide films by vacuum heating was subjected to experi- 
mentai test. This was done by taking a germanium powder on 
which rapid and slow adsorption had taken place at room temperature and heating it in vacuum for two hours at 


400°. Oxygen desorption could not be observed during this heating. The germanium was cooled after being 
heated in vacuum and its adsorptive capacity for oxygen determined again at room temperature, A slow ad~- 
sorption once more took place on the germanium powder, 


It is to be presumed that there is an alteration in the bonding of oxygen with the germanium surface when 
germanium on which chemisorption of oxygen has occurred is heated, since desorption does not take place dur- 
ing degassing and separation of oxygen from the surface in the form of GeO is not observed[ 11]. 


The rapid stage in the oxygen adsorption can be utilized in determining the surface area of germanium. 
The value of 630 cm? per gram of germanium powder which was obtained in this way is in good agreement with 
the surface determined by the BET method, A protective oxide film fails to form on the germanium surface at 
400° and oxidation by oxygen proceeds to a considerable depth, this being in distinction to the case at room tem~ 
perature where the adsorption ceases completely once a definite degree of surface coverage has been reached, 


If it is supposed that the rapid stage of the chemisorption corresponds to the reaction 
2Ge -++ O, — 2GeO, (1) 


the slow stage would then be clearly associated with the formation of a GeO, film on the germanium surface 
through the reaction 


2GeO + — 2GeQOg. (2) 


This hypothesis is supported by the adsorption measurements which have been presented here and by other data 
on the effect of adsorbed oxygen on the electrophysical properties of germanium, 


We wish to express our thanks to Academician A, N. Frumkin for his interest in this work, 


« 


Fig. 2, The relation between log 1/ 1 (r is 
the time of half-adsorption of an individual 
portion of oxygen) and the number of adsor- 
bed oxygen molecules per 1 cm? of surface. 
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A calculation of detonation wave parameters shows the detonation temperature to be most sensitive to the 
form of the equation of state of the explosion products, and a knowledge of detonation temperatures is thus in- 
dispensable to a test of this equation, Nevertheless, very little work on the determination of detonation tempera~ 
tures has as yet been published, We have attempted to measure detonation-front temperatures in charges of trans- 
parent and semitransparent liquid and solid explosives by using an electrooptical method, 


Measurement of Detonation Temperatures in Transparent Liquid Explosives 


A FEU-29~-M photomultiplier was used to measure the end surface luminosity of the detonation front of a 
charge of liquid explosive in a plexiglass cell with a transparent bottom, the current being recorded on a single- 
sweep OK~-17 M oscillograph, A study of detonation-front luminosities showed that the spectra of nitromethane 
and methylnitrate in the 400-600 my interval are similar to black-body spectra at 3700° and 4500°K, respectively, 
and that the two substances have the same emissivity. This justifies the assumption that the detonation front 
emits as a black or gray body and that its temperature can therefore be measured by a color method in which in- 


tensities over two spectral regions are compared; these regions were obtained with SS~5 and ZS~1 filters in our 
case, 


As ra 
ss-5 
These experiments have involved measurement of the ratio 5 \ Sb, 


(S A is the spectral sensitivity of the photomultiplier, b) is the spectral intensity of the source, To¢_5 and T s- 
are the transmission coefficients of the filters, and Ay and Ag, are the limits of the spectralsensitivity of the 
photomultiplier) from which the temperature was found by using a theoretically developed calibration curve show- 


ing the relation between the ratio 


Mot and the reciprocal of the source temperature for an absolute black 


body. The spectral sensitivity of the photomultiplier and the transmission coefficient of the optical system were 
measured beforehand with a standard light source, 


=~ at the detonation front of a 
transparent liquid explosive and a corresponding error or no more than 150°K in the temperature determination, 
Table 1 contains our values for the color temperatures, T, at the detonation front in various solid and liquid ex~ 
plosives, together with data on the initial density,p,, and the detonation rate, The accuracy of the determina- 
tion of the detonation rate, D, was 100 m/sec in both the electrocontact method and the optical method, The 
determination of the detonation temperatures of solid explosives was accurate to 300°K, 


There was a maximum error of 3 % in determining the value of 


a 

; 

| 


TABLE 1 Measurement of Detonation Tempera~ 
tures in Charges of Semitransparent 
Solid Explosives 


Detonation-front temperatures can be meas- 
ured in charges of semitransparent solid explosives 
with densities close to that of a monocrystal in the 
same way as in charges of transparent liquid ex~- 
plosives. The luminosity was registered at the 
instant when the detonation wave emerged through 
the end of the charge, just as in the first case, so 
that there was no necessity for determining the ab- 
sorption in the charge itself. The exact moment 
of emergence of the wave from the end could be 
fixed only with difficulty due to the low transpar~ 
ency of the charge and the high luminosity of the 
air shock wave arising from dispersion of the products from the end, The luminosity from the air shock wave 
was cut out by immersing the end of the charge in water, Special care was taken in these experiments to be 
certain that the charge was free of cracks and that no air adhered to its end surface, 


Nitroglycol 
Methylnitrate 
Tetranitromethane 
Nitromethane 
Hexogen 

TEN 

DINA 


Comparison showed the intensities of the detonation fronts of the investigated explosives over the spectral 
region from 400 to 600 my to stand in the same ratio as for absolute black bodies at the same temperatures (this 
is equivalent to saying that the emissivity of the detonation front is the same in each case), This makes it pos~- 
sible to check continually the color temperature measurements by comparing the illumination intensity in the 
detonation of the investigated explosive with the illumination intensity of some other explosive which had been 
studied earlier and thus have essentially an intensity method for temperature determinations, It can be assumed 
that the emissivity of the detonation front is close to unity since it remains constant under a temperature altera- 
tion from 3500 to 5000°K in passing from one substance to another, 


DISCUSSION OF RESULTS 


The paper of Alentsev, Belyaev, et al [1] in which the detonation temperatures of liquid explosives were 
first measured and the more detailed work of Gibson and his coworkers [2] applying the light pipe, weakly lum-~- 
inous fillers, and the electrooptical method to the measurement of detonation temperatures should be mentioned 
among the early publications in this field. The temperatures which we have obtained for the detonation of nitro- 


methane and nitroglycerine are in agreement with the results of [2], but the same is not true of our values for 
hexogen and TEN. 


The measured values of the detonation temperatures are so large that they could not arise from the luminosity 
of a nonreacting shock front traveling ahead of the detonation complex, It can be assumed that these values are 
quite close to the temperatures in the Chapman-Jouguet plane, since the reaction zone of powerful explosives is a 


shallow one, the reaction rate increases rapidly within this zone, and the intensity of illumination is strongly de- 
pendent on the temperature, 


The oe values obtained here haye been combined with the detonation pressures of [3] for TEN (P9= 
= 1.77 g/cm®, p = 340 + 10° atm), hexogen (Pp, = 1.79 g&m, p = 390 + 10° atm), nitroglycerine (py = 1.60 g/ 
/cm*, p= 250 + 10° atm), and nitromethane (py = 1.14 g/cm’, p = 133 + 10° atm) to give a test for various types 


of equation of state for the explosion products, The results which are adduced here do not confirm the calculations 
of (4-7). 


The recent work of Cook [4, 8] has made extensive use of an equation of state of the form pv = nRT + 
+p-a(v), in which n represents the number of moles per gram of products, R is the molar gas constant, and v is 
the specific volume of the products in the Chapman-~Jouguet plane, This type of equation of state plus our own 
data on pressures and temperatures would suggest an expression for the covolume ofthe form a(v) = v (1.08-0.40 v) ; 
this is not consistent, it is tue, with the calculated values presented in [8]. The equation of the conservation of 


1 
energy E-Ey = Q + 2 P(Vo-¥)» is not satisfied by a covolume equation of state when the heat of explosion, Q, is 


: 


taken from [8]. The internal energy in the latter equation is given by E ' cydT, cy being calculated from 


dcy 
the ideal gaseous state of the explosion products Pees stl =0. This indicates that a covolume 


equation of state, py = nRT + p* a (v), is not satisfactory for explosion products, especially at high pressures, and 
that it can be considered as being no more than an approximation suitable for evaluating p, or v, or T, when any 
two of these quantities are known, It is quite likely that a covolume equation of state of the explosion products 
resulted from the data on nitromethane, nitroglycerine, hexogen, and TEN simply because these substances have 
approximately the same value of the detonation temperature, 


It is possible to follow Landau and Stanyukovich [9] and introduce terms allowing for mutual repulsion of 


T 
molecules at high pressures into the equations for the energy and pressure; writing E = \ Cy4T + Eens and 


p= at + Prens’ gives EB i values for nitromethane, nitroglycerine, and hexogen (Py = 1.80 g / cm’) which are, 


respectively, 4, 37, and 50% of E, if the latter is considered as equal to the internal energy of the products in the 
ideal gaseous state. On the other hand, nRT/v alters only slightly, being 23 - 10° atm for nitromethane, to 24 - 10° 
atm for nitroglycerine, and to 28 + 10° atm for hexogen, or approximately 17,3, 9.2, and 1.2% of the value of the 
pressure, p. These results point to the importance of experimental temperature determinations in deriving and 
testing the equation of state of the explosion products and the expression for the internal energy which are re- 
quired if the parameters of the detonation wave are to be evaluated without great difficulty. 


LITERATURE CITED. 
{1] M. L. Alentsev, A. F. Belyaev, et al,, Zhur, Eks, Teo, Fiz., 16, 990 (1946), 
[2] F. C. Gibson, M. Bowser, et al., J. Appl. Phys...29, 4 (1958), 
[3] A. N. Dremin, Doklady Akad, Nauk SSSR, 128, 5 (1959).* 
[4] M. A. Cook, J, Chem, Phys., 15, 518 (1947), 16, 1081 (1948), 
(5) H. Jones, Third Symposium on Combustion and Flame and Explosion Phenomena (Baltimore, 1949), 
[6] S, Paterson, Research 1, 221 (1948), 
[7] Cottrell and S, Paterson, Proc, Roy. Soc., A 213, 214 (1952), 
[8] M. A. Cook, Science of High Explosives (New York, 1958), 
[9] L. D. Landau and K, P, Stanyukovich, Doklady Akad. Nauk SSSR, 46, 339 (1945), 


* Original Russian pagination, See C, B, translation, 


97 


‘ 


ALTERATION OF THE WORK FUNCTION OF OXIDE SEMICONDUCTORS 
BY THE INTRODUCTION OF ADDITIVES 


Z 
E. Kh, Enikeev, L. Ya. Margolis and S, Z. Roginskii, 
Corresponding Member, Acad. Sci., USSR 


Institute of Physical Chemistry, Academy of Sciences, USSR 


(Translation of Doklady Akademii Nauk SSSR, Vol. 130, 
1960, pp. 807-809) 


Original article submitted August 6, 1959, 


The study of the mechanism of the action of additives in altering the catalytic properties of semiconductors 
has directed special attention to a correlation of these properties with the electrical conductivity, A greatamount 
of experimental material [1] on the electrical and chemical properties of semiconductors is available, but the rela~- 
tion between these characteristics is still not understood, It is quite likely that this is due in part to the difficulty 
of passing from bulk to surface characteristics of semiconductors and to the fact that there can be pronounced dif- 
ferences between body and surface in regard to chemical and phase compositions, To this there are to be added the 


difficulties associated with comparative measurements of the electrical conductivities of powders and porous 
bodies, These considerations together with certain theoretical results [2,3] pointing to the great significance of 
the relative surface charge in fixing surface processes have led us to study the effect of modifying additives on the 
work function of semiconductors, Many of these experiments were carried out on oxides of divalent metals (NiO, 
CuO, ZnO) which contained ions of lithium or other alkali metals, These ions exert a very marked effect on the 
electrical conductivity of the respect oxides, and on their adsorption characteristics and chemical activity as well[ 4}, 
but insurmountable difficulties attend an attempted interpretation of the observed conductivity—activity relations, 


The electronic work function (¢) was determined from the difference of contact potentials as measured 
by the vibrating condenser method (g ). The semiconducting oxide specimens which were to be compared were in- 
serted in various indentations in a metal plate (Fig. 1), These indentations could be brought successively under 
the vibrating gold electrode 1 by the use of an electromagnet, This procedure minimized effects from variation 
of the work function of the measuring electrode and, at the same time, assured uniformity in the method of treat- 
ment and the conditions of measurement, 


to pumps 


AA} 


Fig. 1. Apparatus for measuring differences in contact potentials; 
1) Measuring electrode; 2) metallic plate with indentations for 
specimens; 3) iron core; 4) electrical heater, 
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The experimental results on a single preparation were reproducible to within 0,05 v, the error of measure- 
ment of ¢ being no more than 0,01 v. The surface of each specimen was freed of adsorbed oxygen by being 
aged at 300-400°, either in vacuum or in an atmosphere of CO, with subsequent evacuation to a pressure of 

1+ 10mm of Hg. Measurements of the contact differences were carried out at room temperature, 


Solid solutions of LisO in NiO andCuO were prepared by thermal decomposition of the mixed carbonates 
in air at 850-900°, The formation of solid solutions in the Li,O + NiO and Li,O + CuO systems was confirmed by 
_an x-ray analysis which was made by M. Ya, Kushnerev, Specimens of zinc oxide containing added Li,O were 
prepared by decomposing lithium oxalate on zinc oxide at 450, 800, and 1200°, 


Figure 2 shows the alteration in the work function, Ay, which results from introducing lithium into CuO, 


NiO, and ZnO, The dissolving of lithium into the lattice leads to a diminution of the work function by as much 
as 0,6-0.8 ev, 


1 1 1 i i 


Additive 
Fig. 2, Alteration of the electronic Fig. 3, Alteration of the work function of zinc 
work function of CuO (1), NiO (2), and oxide resulting from introduction of Na,O (1) 
ZnO (3) resulting from addition of and Cs,0 (2) at 20°, 


Li,0 (20°). 


It {s to be emphasized that the state of LigOin ZnO is not yet as firmly established as that of Li,O in NiO 
since the x-ray diagrams do not disclose alterations of more than 0,0002 A in the lattice parameters, 


The work function of ZnO falls as the concentration of Li,O is increased, at first sharply and then more 
gradually, reaching a value of 0,7 ev at 8% Li,O. It is interesting to note that specimens of ZnO with added 
Li,O which had been heated to different temperatures showed almost the same decrease in the work function, 


The formation of solid solutions between Li,O and NiO is accompanied by a marked increase in the elec- 
trical conductivity (o) and by a decrease in the energy of activation for conduction (E,) [6]. This indicates 
the Fermi level, f, in the body of NiO, a hole semiconductor, to be displaced toward the top of the valence 


band so that the work function Ag should increase, The experimental data show a diminution of 4 in this 
case, 


The energy of activation for conduction in ZnO, an electron semiconductor, is increased from 0,2 to 
1,6-2,0 ev by the introduction of lithium [7], so that the Fermi level in the body of this crystal is also displaced 
toward the top of the valence band under the influence of the added Li,O. The work function for Li,O + ZnO 
should be increased, Our data show, however, that the work function is altered in the same direction by intro- 


ducing Li,O into the electron semiconductor ZnO as by introducing it into the hole semiconductor NiO, ¢ de- 
creasing in both cases, 


In the band model, this would be explained by the fact that an additive on the surface affects the f in the 
opposite manner to an additive in the body so that lithium cations function as electron donors on the surface, and 
as electron acceptors in the bulk of NiO, CuO, and ZnO semiconductors. 
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The observed changes in Ag are quite consistent 
with the effect of Li,O on the adsorption characteristics 
and catalytic activity of NiO and ZnO, 


The alteration in ¢ resulting from introduction 
of sodium and cesium (Fig. 3) gave confirmation of the 
conclusion that an additive localized on the surface is 
a prime factor in fixing Ay. Preparations were obtained 
here by decomposing nitrates and oxalates on ZnO at 400- 
700°. Figure 3 shows that Na and Cs decrease the work 
NES Eye Meee : function even more sharply, this being obviously due to the 
2 4 Nitite fact that these elements are predominantly localized on the 
ZnO surface. (It is difficult to visualize the formation of 
solid solutions of ZnO with Na, or especially Cs ions, in 
view of the great disparity of the ionic radii), 


We have studied the effect of iron and chromium 
~Ay oxides in CuO, of magnesium and iron oxides in NiO, and 
of thorium dioxide in ZnO (Fig.4), among others, Only 
Fig. 4, Alteration of the work function of for MgO was it possible to prove the formation of solid 
CuO, NiO, and ZnO resulting from introduc- solutions and the absence of mixtures or other phases, The . 
tion of various additives; 1) ZnO + ThO,; data for the MgO + NiO system indicate that lack of 
2) ZnO + ZnSOg 3) CuO + Fe,O3; 4) CuO + variation inE, for the solid solutions [8] does not imply 
+ Crys; 5) NiO + FeOy; 6) NiO + MgO. that Ag is constant for this system, 


A comparison of the effects of various additives in 
changing the work function of the semiconducting ZnO show ¢ to be reduced by 0.4 evin the 2%Na,O + ZnO 


system and to be increased by 0.4 ev in the 2% ThOg+ ZnO system, The introduction of S02” groups into the 
ZnO surface increases the work function by 0.5 ev, Thus the electronic work function for oxide semiconductors 
can be altered within wide limits by introducing various additives, The fact that the relation between the bulk 
and surface electrical properties of the modified semiconductors is a complex one is shown by a comparison of 


the data of the literature on the alteration of the conductivity of solid solutions with other data on the variation 
of the work function of these systems, 


The authors conclude by expressing their thanks toG. M. Zhabrova for having furnished the preparations 


of zinc oxide containing the additives and to M. Ya. Kushnerevy for x-ray and electron diffraction analyses of 
the specimens, 
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THE INTERPHASE SURFACE ENERGY OF A METAL AT THE CRYSTAL— 
MELT INTERFACE 


S. N. Zadumkin 
Kabardino~Balkarskii State University 
(Presented by Academician A, N. Frumkin October 30, 1959) 


(Translation of; Doklady Akademii Nauk SSSR, Vol, 130, No.4, 
1960, pp. 810-811) 


Original article submitted May 7, 1959, 


The surface free energy, @4, at the solid melt interface in a one-component system is a quantity of im- 
portance for processes of melt crystallization. In only one paper [1] has the attempt been made to evaluate G2 
for metals theoretically. Skapskii [1] used the Dupree* Equation in calculating 04, assuming the work of adhe- 
sion to be equal to twice the surface tension of the liquid phase at the interface with its own saturated vapors. 
This value, is however, undoubtedly less than the work required for complete removal of the liquid from the sur- 
face of the solid body. Thus the results obtained by Skapskii must be too high. 


A simple method for evaluating the interphase surface energy of a metal at a polycrystal—melt interface 
is given in the present work, 


The Gibbs thermodynamic theory of capillarity shows the excess surface free energy of the transition layer 
separating two phases of volume v* and v* to be given by the expression 


F, = F—w'v'—w"v", (1) 
in which w* and w® are the free energies per unit volume of the respective homogeneous phases at points far re~ 
moved from the interface, and F is the free energy of the entire system. 

The excess free energy per unit surface area of the phase interface is designated as the surface free energy 

Oy, = F,/S, (2) 

§ being the area of the surface of separation, 

It is known that extended order is lacking in a liquid phase (melt), Thus 04, for a crystal face in contact 
with a melt can be expressed through Eq. [2] as: 


(3) 


= — Fy) + \ [w (z) —w"]dz, 


k=0 To 


k 
and ng ) being, respectively, the total free energy of a single particle within the solid phase and the number 


of particles per 1 cm? of surface at a distance r = kry from the crystal face which is in contact with the melt (15 
is the interplanar spacing), 


(k) 
Fs 


Let it be assumed that short-range order is preserved in the melt and that the density of the liquid at the 
melting point differs from the density of the crystalline phase at the same temperature by p %; then ng particles 


*Not verified - Publisher's note, 
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on the crystal face which is in contact with the melt will have the same number of neighbors as a particle in the 
interior of the crystal, while An, = */s png particles each have Af missing neighbors. 


Considering that w(z)=w", and taking thezero-thapproximation yields 
= n, + (F,— F,) Ang. 


It is clear that 
Fo (5) 


since each of the n, particles at the crystal face-melt interface has Af bonds weakened by an amount O/f kv? 
where Q is the heat of fusion per particle and f ,,y is the coordination number in the body. 


The second term of (4) will be given by 
(F,—F,,) Ang = */s ps (hkl), 


according to [3,4], o (hkl) being the surface tension of the given metal face at the melting point, 


349 (hkl) = (hkl) (hkl) Q ps (hkl). (1) 


Substitution of (5) and (6) into (4) to a final expresion for the interphase surface energy at the (hk 7) 
face—melt interface, 


A crystal of the cubic system has six (100), twelve (110), and eight (111) faces, and it is thus clear that the 
following expression should give the surface energy of any polycrystal section at a polycrystal—melt interface. 


(100) + 42012 (110) + Bors (144) 
532 = 26 


(8) 


Results on the evaluation of 9 » for certain faced-centered cubic metals and experimental values of the sur- 
face tensions of the liquid metals at the melting point are given in Table 1, Experimental values of Q were taken 
from [5]; values of p came from[1], p being assumed to be 3% when data were lacking. 

TABLE 1 


Results of Evaluating Gy, from Equation (8) 


Q: 10°! 
lergs atom 


- 


ow 


le 


The values of G4, which have been obtained from Eq. (8) are in satisfactory agreement with the experi- 
, mental results of [6]. 


It is to be seen from Table 1 that the interphase tension at the polycrystal —melt interface is approximately 
8-15 % of the surface tension of the metal at the melting point. 


(4) 
— ow, ergs /cm?* 
a M.p., s, nt 
° 
K cale, | exp. 
Ag 923 119 126 
bye Au 1120 145 132 
‘ee Cu 1154 170 477 
oe Pb 464 35,4 33 
fe Al 860 95,0 93 
ee Pt 1819 288 240 
8-Ni 1735 223 
B-Co 1936 217 
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THE CATALYTIC ACTION OF COPPER IONS IN THE DISSOLUTION 
OF METALS WITH OXYGEN DEPOLARIZATION 


I. A. Kakovskii and N. G. Tyurin 
S. M. Kirov Ural Polytechnic Institute 
(Presented by Academician P, A. Rebinder October-11, 1959) 


(Translation of: Doklady Akad, Nauk SSSR, Vol. 130, No.4, 
1960, pp. 812-815) 
Original article submitted September 10, 1959, 


Many instances of the rate of a redox reaction being increased by an ion of variable valence haye been 
described in the literature [1, 2, 3 -7]. Many authors are inclined to believe that such increase is due to the 
catalytic action of the ion, but the effect of ions on the rate of dissolution of metals has been studied only in- 
completely. 


Depolarization, i.e,, the removal of electrons from the metal surface, is the decisive step in the dissolution 
of a noble metal [8] since complex formation ( AgCl + 2CN" = Ag(CN)’, + Cl" for example) proceeds rather 
rapidly and without kinetic complications, Reaction with oxygen, and oxidizing agent which takes up electrons 
in several stages, is usually accompanied by pronounced kinetic complications [1], but depolarization can be 
facilitated considerably by copper ions which change valence through the loss or gain of a single electron and at 
the same time aid in the formation of free radicals [2,5]. This effect can have practical significance in attempt- 
ing to accelerate the dissolution of metals from ores and industrial products, The dissolution of silver in am- 
monia solutions has been studied here with a view to investigating the catalytic action of copper ions in more 
detail. 


Calculation was made of the thermodynamic probability of the reaction: 


2Ag +- + H,O soly = 2Ag (NH3)2 4- 20H’, (1) 
AG® = 2 (— 4,13) + 2 (— 37,60) — (— 56,70) — 4 (— 6,36) = — 1,32 kcal 


The free energy change under standard conditions is comparatively small here, but the situation would be more 
favorable under actual working conditions where the concentrationsfor the silver complex and the hydroxyl ion 
are each 107° and the ammonia concentration is 2,5 moles/ liter: 


[Ag (NHs), (10-2)2 (10-8) 
— = — 1.32 +- 1,3643 lg -——___,_- = 
Pi: 8 (2,5)" 12 


— — 1,32 + 1,3643 Ig 2,5 - 10-14 == — 1,32—18,54 == — 19,86 keal 


AG = AG°+-RT In 


This calculation indicates that silver should dissolve readily in ammonia solutions containing oxygen, although 
the possibility of the reaction rate being reduced by kinetic complications is not to be excluded, 


‘ 
| 
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Experiments on the dissolution of silver in pure ammonia solutions and in ammonia solutions containing 

various additives were set up to elucidate this question, These experiments were carried out by the rotating 

disc method [10], working in an autoclave with a magnetic stirrer [9] . The concentration of ammonia was the 
same in all of the experiments and equal to 3,3 mole/ liter, the temperature was 67°, the total pressure was 2 atm 
with a 1,5 atm partial pressure of oxygen, and the silver disc had a surface area of 2 cm? and was operated at 
2800 rpm, Study was made of the effect of added ammonium sulfate, 0.11 g-mole/ liter (Experiments 2 and 4), 
and copper ions,* 0,01 g-ion/liter (Experiments 3 and 4) on the rate of dissolution; Experiment 1 was carried 
out in pure ammonia, Dissolution rate curves are presented in Fig. 1. The fact that these curves are linear 
makes it possible to calculate the rate of dissolution (v) of silver in a solution of arbitrary composition, The 
value of v was 4,3 + 10 g-mole * cm™. sec™ for solutions containing only ammonia (Experiment 1), 1.7 - 

- 10° for solutions containing ammonia and ammonium sulfate (Experiment 2), 5.4 + 10~ for solutions containing 
ammonia and the copper-ammonia complex (Experiment 3), and 7,2 + 10* for solutions containing NHsg, 
(NH,)pSO,, and the copper complex (Experiment 4), 


The relation between the rate of dissolution of silver and the ammonia concentration was studied in ex- 
periments in which the temperature was 70°, the oxygen pressure 3 atm, andthe copper-ion concentration 0,01 
g~ions/ liter, the ammonia concentration being varied from 0,09 to 3.3 g-mole/ liter, The results of these ex- 
periments are presented in Fig. 2, The data indicate that the rise in the rate of dissolution is proportional to the 
first power of the concentration of ammonia in solution, 


A third series of experiments was set up to elucidate the 
effect of the concentration of the copper-ammonia complex; 
here the temperature was 70°, the oxygen pressure was 3 atm, 
the concentration of ammonia was 2,3 g*mole/liter, and the 
copper concentration was variable, Results from this series of 
experiments are presented in Fig, 3. 


DISCUSSION OF RESULTS 


60 


The rate of dissolution of the silver in pure ammonia 
solutions proved to be quite low, just as would be expected 
since the reaction under study is complicated by the slow de- 
polarization process, The addition of ammonium sulfate ac- 
celerates the dissolution considerably, but the effect is weaker 
than that obtained with the copper-ammonia complex, The 
addition of ammonium sulfate to a solution containing copper 

00 «150 = 200 min ions and ammonia increases the rate of dissolution of silver by 
Fig. 1. Kinetic curves for the dissolution (7.2 + 10°%-5,4+ 10 =1,8 +10); this is approximately the 
of silver in ammonia solutions containing same as the increase resulting from a similar addition to an 
various additives: 1) NHs, 3.36 g-mole/ ammonia solution which is free of copper (1.7 + 10% -0,4 = 
/\ter; 2) the same + (NH4),SO,, 0.11 g- 10 = 1.3.10), It is clear that the action of the am- 
mole/ liter; 3) the same +Cu+ 0.01 monium sulfate is not catalytic (it can be considered as a 
fon/liter; 4) the same + (NH,)gSO, 0.11 buffer with respect to the strong alkali, the hydroxyl ion, 
g-mole/ liter; Cu * 0.01 g-ion / liter. which retards the oxygen reduction) whereas the copper-am- 

monia complex can readily take up a single electron and thus 

facilitate the depolarization of the dissolving noble metal. Copper changes valence more readily in ammoniacal 
solutions than in sulfate solutions [1] and the resulting Cu(NHg), ions are stable and can accumulate in solution 


at considerable concentration, while the Cu’ ions disproportionate (2cu" =cu' + Cu; Ky = 7° 10°), For the re- 
action* 


8S 


< 
3 
> 
3 
4 ap 
< 


Cu (NH3),* +e = Cu (NHg), + 2NHygqy (2) 
AG® = — 15,52 2(— 6,36) — (— 29,11) = 4 0,87 keal; Ko = 0,23; Ey = 0,038 v. 
* Copper was added to the solution in the form of the hydroxide [11] in order to avoid introducing sulfate ions 
which will also accelerate the dissolution of silver in ammoniacal solutions to a certain degree, 
**The free energies of formation of the substances participating in these reactions have been calculated from 
the most recent data, since the values listed in handbooks are frequently untrustworthy [12], Thus Latimer [13] 
gives an incorrect value, AG* =— 40.8 kcal, for Cu(NHs),» 


10 “g-M:cm? 
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10" g-M: cm *- sec 


8 


The standard free-energy change of this reaction is close 


| Yo to zero, but the divalent copper complex will readily 
” undergo reduction when the concentration of the uni- 
60 
a valent copper complex in the solution is low, taking up 
3 Bes electrons and then transferring these electrons to the 
4 40 oxygen, a process which is especially favored since each 
a Vice reaction involves a single electron, The thermodynamic 
‘= 2 probability of this last reaction is illustrated by the 
following calculation: 
0 B-M/ Iter 2Cu + (+ + ANHy, go) = (3) 
concentration = 2Cu (NH3)4*+ + 20H’, 
Fig. 2, The relation between the rate of hin ‘ 
dissolution of silver and the ammonia con- G@ = 2(— 29,11) + 2 (— 37,60) — 2 (—15,52) — (— 56,70) = 
centration, heal 


The calculations which have been made and the experiments which have been carried out all confirm the fact that 
the ammonia complex of univalent copper is readily oxidized by oxygen which is introduced into solution from 
the gaseous phase, and this without the kinetic complications which are so often observe in reactions between dis~- 
solved substances, The following simple experiment confirms the absence of kinetic complications in the trans- 
fer of electrons from metal to oxygen by the copper-ammonia complexes: when metallic copper is added to a 
solution containing the ammonia complex of divalent copper and the flask closed with a stopper, the solution 
rapidly decolorizes as the result of reduction of the copper to the univalent form, but it once more becomes blue 
when the flask is opened and oxidation by atmospheric oxygen is allowed to take place, 


Reaction (3) proceeds so intensively that the concentration of the ammonia complex of univalent copper in 
solution diminishes markedly; the ammonia complex of divalent copper can then function quite readily as a de~- 
polarizer, taking electrons from the silver surface and transferring them to the oxygen, thus playing the role of 
an accelerating catalyst for the dissolving of silver in the ammonia solution, Results from our calculations for the 
reduction potential for copper in ammoniacal solution (Reaction 2) and for the value of the standard potential of 
silver in ammoniacal solution (+0,372 v) justify the conclusion that the concentrations of the silver-ammonia 
complex and the univalent copper-ammonia complex must be low if the transfer of electrons from the silver sur- 
face to the Cu(NHg),’ ions is to be rapid, The concentration of the Cu(NHs), ions will be quite low when oxygen 
is present and the potential of Reaction (2) will then fall between the potentials of the two reacting substances, 
silver and oxygen, thus fulfilling one of the conditions which are imposed on a possible catalyst [6]. 


The simplified picture of the catalytic action of copper ions in ammoniacal solutions is in good agreement 
with the fact that these ions bring about a considerable increase in the rate of dissolution of silver. 


The data which are presented in Fig, 2 indicate that the dissolving of silver in ammoniacal solutions is a 
reaction of first order with respect to ammonia, the velocity constant for the reaction (k = Q/sct) reaching a value 
of 2,1-2,4 + 10° liters - cm™ + sec when catalytic copper ions are present. This is two or three orders less 
than rate constants for heterogeneous metal dissolution where diffusion is the controlling factor. 


Special interest attaches to the experiments whose results are presented in Fig. 3, At fixed experimental 
conditions of temperature, oxygen pressure, and solution composition there is a certain “maximum” concentra - 
tion of the copper-ammonia complex above which the rate of dissolution of silver remains practically constant, 
This maximum concentration is fixed by the rate of diffusion of the components to the silver surface and its 
existence is characteristic of such multicomponent heterogeneous reactions as the dissolution of noble metals in 
cyanide solutions in the presence of oxygen, The presence of this maximum concentration of the coppper-am- 
monia complex is convincing proof that the complex participates in the dissolution of silver in ammoniacal so- 
lutions, transferring electrons from the metal to the oxygen, increasing the reaction rate, diminishing the 
harmful effects of kinetic complications, and functioning, in general, as a catalyst. 
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SPECIAL FEATURES OF THE KINETICS OF THE HYDRATIONAL 
HARDENING OF SULFATES 
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(Translation of Doklady Akademii Nauk SSSR Vol, 130, No.4, 
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Interest attaches to the study of the hydrational hardening of sulfates containing various cations, The sul- 
fates form the only group of mineral binders with high chemical affinity for water in the Zhuravlev-Moshchanskil 
classification [1,2] and cyrstallization structures can be formed in them under a wide variety of conditions, These 
substances differ in regard to hydrate crystal structures, solubilities of hydrates and parent anhydrous salts, and 
ability to form stable supersaturated solutions in concentrated suspensions, 


The work of E, E, Segalova and her collaborators [3-5] has shown that the mechanical strength of the 
disperse crystallization structure of hardening is determined principally by the kinetics of the formation of the 
new solid phases, and thus is not a simple single-valued function of the structure and chemical composition of 
these phases, Here, the most important kinetic characteristics are the length of the induction period for crystal- 
lization and the rate of crystallization of the hydrate, We have evaluated these characteristics for concentrated 
suspensions of nine sulfates by studying the kinetics of the evolution of heat in the course of hydration of partially 
and completely dehydrated salts, the kinetics of dissolution of these substances, and structure formation in sus- 


pensions; we have,at the same time, carried out parallel microscopic observations, The method of study has 
been described earlier in [6-8], 


The investigated salts can be separated into two groups on the basis of the kinetic curves for hydration and 
hardening, the separation being set up in terms of the length of the induction period for crystallization, T;, and 
its ratio to the time required for full hydration of the salt, Tp, 


The special features of each of these groups can be brought out clearly by studying the effect on the hy- 
dration kinetics of such factors as the degree of dispersion of the parent salt and the concentration of the suspen- 
sion, i,e,, the water~solid phase ratio, w/s. Figure 1 illustrates two extreme cases of the effect of the initial 
degree of dispersion on the kinetics of hydration, the one for CdSO, * H,O and the other for Na,SO,. There is a 
clearly expressed induction period for crystallization of the hydrate CdSO, {8/3)H,O (stable at 20°) which di- 
minishes as the degree of dispersionof the parent salt is increase, Here, T} exceeds Tj, but only by a factor 
of 2,5-3 (the corresponding level of evolution of heat is indicated by the simple dotted curve), It is known that 
calcium sulfate in the form of anhydrous or hemihydrated gypsum shows a kinetic hydration curve of this same 
type with a similar dependence on the degree of dispersion, Sodium sulfate gives an entirely different type of 
kinetic curve under these same conditions; 17; * 0 and the retardation of hydration is more marked the lower the 
degree of dispersion of the parent salt Thus a three-hour interaction with water (rT), = 24 hours) is required for 
50% hydration of a salt with specific surface area of 3000 cm*/g (according to Tovarov), Observations with the 
polarizing microscope, even at magnifications as low as 400 X, show that this marked retardation of hydration is 
due to the formation of a densely bound layer of decahydrate crystals on the surface of the parent crystal, Up to 


0 min 


50 100 


Fig. 1. A) The kinetics of the evolution of heat dur- 
ing hydration of CdSO, * H,O, W/S = 0.21; 1)A = 
= 2400, 2) A = 4700, 3) A = 7100 cm*/g and Na,SO,, 
w/s = 1.20, 4) A = 500, 5) A = 2800, 6) A =5100, 
1) A = 7200 cm*/g. B) The relation between the 
value of Q at the end of the induction period, expressed 
as percentage of the heat liberated in complete hy- 
dration, and the degree of dispersion, A, of the parent 
salt, 


1 | | 
90 «(160 40 min 
Fig. 2, Kinetics of the evolution of heat in hydra~ 
tion of NiSO,* H,O. 1—B/T = 0,65, 2—B/T =1,00, 
3—B/T= 1,40. 


the present time, such effects have been observed 
only in difficultly soluble substances which have 
low diffusion coefficients. It would be incorrect to 
acribe this effect, or the related direct proportion- 
ality between specific surface area and amount of 
salt hydrated in the first three-five minutes, to hy- 
dration of anhydrous salt which has not undergone 
preliminary dissolution, Supersaturations corres- 
ponding to the tabulated values of the metastable 
solubility of anhydrous sodium sulfate can be de~- 
tected at any one temperature by direct measure- 
ments of the concentration of the salt in the aque- 
ous phase of an intensely agitated suspension with 
a sufficiently high W/S ratio, Thus the produc- 
tion of hydrate crystallites, either on the surface 
of the parent salt or directly before it, is possible 
because the rate of formation and growth of crys~ 
tallization nuclei is high in comparison with the 
rate of diffusion of salt ions into solution, 


The sulfates of Mg, Zn, Cu, Co, and rel 
(monohydrates) occupy an intermediate position 
with respect to their kinetic curves for hydration 
and hardening, these materials having low T; values 
ranging from one to three minutes and a weakly 
expressed tendency toward retarded hydration, 


It has seemed desirable to draw on contem- 
porary theories of the structure of electrolytic solu- 
tions [9] and information on the crystal structures 
of the hydrates of the investigated salts in attempt- 
ing to explain the differences in the hydration 
kinetics of sulfates containing various cations, The 
structure of the cation coordination sphere of many 
hydrating salts is known to be the same in concen- 
trated solutions as in the crystal hydrate. Among 
the salts which we have studied, the sulfates of 
Na, Mg, Zn, Co, Ni, and Fell show this type of 
similarity between the structures of solutions and 
crystal hydrates, whereas the stable crystal hydrates 
of Cd and Ca have lower cation coordination num- 
bers for water (2 for Ca, < 3 for Cd) than those 
usually met in solutions of these fons (4.6 for Ca, 

6 for Cd), The work of formation of crystallization 
nuclei can be expected to diminish as the similarity 
between the structures of solution and separating 


crystal hydrate becomes more marked, and the stability of the supersaturated solution resulting from salt hydra- 
tion will then fall accordingly. A similar effect is met in melt crystallization of such substances as the esters 

of salicylic acid for which definite structural differences have been established between melt and solid compound; 
this condition is indicated by a high value of 1; , Supersaturated solutions of higher stability are formed with St 
and Ba sulfates, Thus a hundredfold relative supersaturation is obtained withstrontium sulfate, T; being equal 

to several minutes [10]. The alteration in the cation coordination number with respect to water is larger 


here, the change being from six, or four, to zero, 


The fact that the passage of nickel sulfate from the monohydrate to the heptahydrate is associated with a 
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Fig. 3. Kinetics of the evolution of heat in the hy- 
dration of CdSO, H,O (1-4) and NiSO, * H,O (5,6) 
slaked with water, 1, 5; with a saturated solution of 
the corresponding salt, 2,6; with a saturated solu- 
tion containing 20%, 3, and 60%, 4, added stable 
crystal hydrate, by weight of parent salt, 


high value of 1 is in apparent contradiction with the 
ideas expressed here, Concentration measurements dur- 
ing dissolution of this salt and the kinetics of heat libera- 
tion in its hydration at various W/S values (Fig. 2) show, 
however, that the long induction period is the result of 
retarded dissolution, the liberation of heat being sharply 
accelerated when the solution concentration reaches a 
fixed value at a heat of solution of 30 cal per 1 g of 
H,O. This effect occurs at relative supersaturations of 
C/Cy = 1.09 and is associated with the beginning of hy- 
drate crystallization, the indication being that these 
supersaturations are quite unstable, Thus nickel sulfate 
should be placed in the same kinetic group as the sul- 
fates of Mg, Zn, and Na, It is to be noted that sodium 
sulfate must occupy a special position in this classifica- 
tion since the structure of the coordination sphere of its 
cation corresponds, not only to that of the concentrated 
solutions, but also to the crystal structure of water (co- 
ordination number 4); clearly, this accounts for the fact 


that this compound crystallizes from concentration sus~ 
pensions without noticeable induction period, 


TABLE 1 


The Mechanical Strength of Disperse Structures in the Hydrational 
Hardening of Sulfates 


2 
A, |_Pm: ke/em 


Salt cm?*/g w/s |/*filler*| crys. | coag. 


Na,SO, 


1.2 
1.2 


1:5 13.3 - 
1:5 


5.7 


ZnSO, 2400 0.7 1:1 |140 0.8 

NiSO, 8000 1.0 1:3 | 25.6 0.5 

CdsO, 2400 0.2 1:0 | 166 ae 
71300 0.3 121 - 


The lack of uniformity in the induction periods of salts such as nickel and cadmium sulfates which belong 
to different kinetic groups is reflected in the slaking of their monohydrates by saturated solutions of the respective 
salts, Figure 3 shows that the slaking of cadmium sulfate by a saturated solution merely diminishes the heat of 
solution without altering the kinetics of salt hydration essentially, Only by reducing the work of formation of 
crystallization nuclei through the introduction of crystal seeds is it possible to reduce Tj in this case and carry 
its value practically to zero (Fig. 3, 3, 4). Nickel sulfate does not form stable supersaturations in concentrated 


suspensions and it will hydrate without an induction period, even when slaked with a saturated solution (Fig. 3, 
5, 8). 


On hardening, all of the investigated salts interact with water in concentrated suspensions to give stable 
crystal structures with relatively high W/S values, and this is not only true of the individual salts but also of 


mixtures containing fillers such as pulverized sand which may be introduced to impede sedimentation at high 
w/s. 


Table 1 shows that sodium sulfate is to be classed among the salts which are capable of hydrational hardening, 
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a fact which was contested earlier, This characteristic appears only on slaking by impregnation with water and 
without mechanical agitation, and results from the very low 1, value, 


Table 1 also gives values of the mechanical strength of the coagulation structures which arise after mech- 
anical breakdown of the initial crystallization structure and have strengths one order lower than the latter, This 
indicates that the mechanical strength of the crystallization structures of most of the investigated salts is not due 
entirely to the sharp reduction in the W/S ratio in hydration, 


The proposed supplement to the classification of binding materials based on the principle of structural 
similarity between solution and hydration products is only applicable to substances which interact with water to 
form true crystal hydrates, i,e,, to compounds containing water in molecular form, Calcium silicate interacts 
with water to give materials which are not simple crystal hydrates and thus cannot belong to this class of binders. 
The inversion in the binding characteristics which is met in passing in the Mendeleev Periodic System from the 
silicates and their analogs to the sulfates[1] is clearly related to the fact that water in molecular form char- 
acteristically enters the cation coordination sphere of the latter compounds, This gives rise to the appearance 
of binding properties as the cation radius is decreased by moving over a single subgroup of the Periodic System, 
The hydration of the silicate is expressed in the first instances in an alteration in the anion structure; when the 


anion increases in dimension, the binding characteristics must rise with the cation radius, just as is actually ob- 
served to be the case, 


LITERATURE CITED 
(1) V.F. Zhuravlev, The Chemistry of Binding Materials [in Russian] (Moscow, 1951). 
[2] N. A. Moshchanskii, Transactions, Conference on the Chemistry of Cement (Moscow, 1956) p.114. 
[3] E. E. Segalova, V. N. Izmailova, and P, A. Rebinder, Doklady Akad, Nauk SSSR_114, 594 (1957),* 
[4] E. E. Segalova, E, S. Solov’eva, and P, A, Rebinder, Doklady Akad, Nauk SSSR 113, 134 (1957)? 
[5] E. S. Solov'eva and E, E, Segalova, Kolloid Zhur, 20, 5, 620 (1958).* 
[6] O. 1. Luk’yanova, E, E. Segalova, and P, A, Rebinder, Doklady Akad, Nauk SSSR 117, 1034 (1957).* 
[7] O. I. Luk*yanova, E. E. Segalova, and P, A. Rebinder, Kolloid Zhur, 19, 1, (1957).° 
[8] E. E. Segalova, P. A. Rebinder, and O, I. Luk'yanova, Vestn, MGU 2, 17 (1954). 


(9] O.B. Samoilov, The Structures of Aqueous Solutions of Electrolytes and the Hydration of Ions [in Russian] 
(Izd .AN SSSR, 1957), 


(10) N. A. Figurovskii and T. A. Komarova, Zhur, Neorg. Khim. 1, 2820 (1956), 


* Original Russian pagination. See C. B. translation, 


114 


ae 
| 
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The following reactions of oxidations of olefins to carbonyl compounds: 


CH, = + H203 = CHyCHO + H,0 
= CHz + 1/203 = CHsCHO 


O HO 
I 


CH, = CH, + HO +20 = =0 = CH,CHO f ) 


i (3) 


| 
O HO 


have been carried out as part of a study of the interaction of the former compounds with palladium chloride, All 
of these reactions proceed in the presence of divalent palladium salts which function as oxidation catalysts, 


This work aimed primarily at investigating the reactions of pd salts with olefins, such reactions being in- 
stances of processes which involve the formation of intermediate m-complexes with dative bonds, It is clear 
that the m-complexes of the transition elements with olefins or hydrocarbons of the acetylene series are inter- 
mediates in many reactions of unsaturated compounds, Thus it is possible that the Kucherov reaction for the 
addition of water to acetylene proceeds through the formation of a ™-complex between acetylene and divalent 


mercury ions [1]. There is also reason to believe that s-complexes are involved in oxy~synthesis reactions, in 
certain acetylene polymerizations, etc. 


Thus, a study of the properties of the s-complexes of olefins with metals is of great theoretical interest. 
Zeise's salt, K[PtClsC,H,],[2] is a representative of this class of compounds, This particular compound is stable, 
its stability resulting from the fact that there is dative interaction in the complex in addition to the donor-ac- 
ceptor bond [3, 4] and the effective positive charge on the olefin carbon atoms is reduced accordingly. Anderson 
has shown [5] that this salt will decompose in boiling aqueous solution with the separation of metallic platinum, 
Acetaldehyde was found in the reaction products, It can be supposed that the action of the central atom in polar- 
izing the C atoms of the double bond, and the associated polarization of the C—H bond, would be factors of vital 
importance to this reaction, On the basis, the palladium analog of Zeise's salt should react with water even 
more rapidly than Zeise’s salt itself since the Pd atom has a smaller radius than the Pt atom and it can be pre - 
sumed that its 4 d electrons would be less inclined to dative interaction than the 5 d electrons of platinum, 


Thus, there is reason to believe that the formation of -complexes is involved in the reduction of palladium 
salts by olefins or carbon monoxide in aqueous solution [6]. This reaction has been applied for the detection of 


(1) 
: 
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olefins and CO in analysis of gaseous hydrocarbons [7], and it has been proposed as a means for separating pal- 
ladium from aqueous solutions containing other noble metals [8]. The chemistry of the reactions of the olefins 
with palladium salts has not yet been elucidated; however, Phillips has found [6] that acetaldehyde is formed 
when palladium salts are reduced by ethylene in aqueous solution, Other authors claim [7] that dichloroethane 
is produced in the reaction of ethylene with PdCl,, Data on the reaction products from the ethylene homologs 
were lacking in the literature at the end of 1957,when this work was begun, 


A study of reactions involving formation of metallic palladium is rendered difficult by the rarity of the 
salts of this metal and by the possibility that secondary reactions will occur on the surface of the finely dispersed 
metallic powders of high catalytic activity. It appeared desirable to use an oxidizing agent which would oxidize 
the palladium rapidly enough to prevent its deposition from solution and would not, at the same time, interact 
with either the olefin or its reaction products, The standard oxidation potentials [9] indicate that hydrogen per- 
oxide in acid solution, quinone, oxygen, and certain other substances would function as oxidants of this type. 


Our experiments have shown that dilute hydrochloric acid solutions of palladium chloride containing 3-5 % 
of hydrogen peroxide will slowly take up ethylene and propylene at 40-45° to form acetaldehyde and acetone, 
respectively, Separation of metallic palladium does not occur here, Thus under these conditions the reduction 
of palladium salts by olefins is accompanied by an oxidation of the product palladium through hydrogen peroxide, 


The over~all reaction is one of oxidizing the olefin by hydrogen peroxide to form a carbonyl compound, 
This basic reaction is accompanied, however, by breakdown of the hydrogen peroxide in solution to oxygen and 
water, The rate of this reaction increases more rapidly with rising temperature than does the rate of the basic 
process, This fact makes for complications in the study of the reactions of palladium salts with olefins under 
these conditions, just as does the ability of hydrogen peroxide to oxidize carbonyl compounds, 


The olefins can be oxidized rather rapidly and smoothly by using n-benzoquinone, The quinhydrone re- 
sulting from the reaction in acid solution does not reduce palladium salts, The inherent drawback to the use of 
this oxidant is that the volatility of quinone and hydroquinone makes for difficulty in separating the oxidation 
products from the reaction mixture, 


Oxygen will oxidize metallic palladium very slowly if other substances are not present, For this reason, 
the attempt was made to find an oxidizing agent which would be capable of oxidizing metallic palladium,and 
would itself reduce to a form which could be oxidized by oxygen, 


We have been able to show that cuprous salts in halide solutions will function as oxidizing agents of this 
type. The oxidation of metallic palladium bv cuprous salts in nitrate or sulfate solutions is impossible thermo- 
dynamically, Acido-complexes such as pdx% are formed in halide solutions, The standard oxidation potential, 
E, d/pg? * is reduced thereby, On the other hand, divalent copper is reduced to monovalent copper salts, 


Cu,X-, in the presence of halide ions, and the oxidation potential Foul cul rises as the result of stabiliza~- 


tion of the reduced form. 


A comparison of standard oxidation-reduction potentials [9] shows that the standard free-energy change for 
the oxidation of metallic palladium by cu ions is 3700 cal/ mole in chloride solutions , and 1850 cal/ mole in 
bromide solutions; the corresponding equilibrium constants at 25° are 2,2 - 10°* and 2.2 - 10, respectively. 


Thus the thermodynamic factors are such as to favor more extensive oxidation of palladium in bromide 
solutions than in chloride solutions, The positive sign of AS for this reaction causes the equilibrium constant to 
rise with temperature in both bromide and chloride solutions, Copper bromide was used as an oxidation catalyst 
in our experiments, 


The experiments on the oxidation of the olefins by oxygen involved the passage of the gaseous mixture 
through a solution of the palladium salt and copper oxide at 90°, The gas was dispersed by a glass filter. The 
gas left the reactor to pass through a system of scrubbers in which the reaction products were taken up by water, 
Thus, propylene yielded acetone, as identified from the melting points of the semicarbazone, the thiosemicarba- 
zone, and 2, 4~dinitrophenylhydrazone, and propyl aldehyde in a small amount which ranged up to 5%, deter- 
mination being made polarographically, This same method gave acetaldehyde from ethylene and methyethyl 
ketone from butylene~2, Our data here are in full agreement with those given by Smidt and his co-workers in 
a paper [10] which appeared when this portion of our own work was being completed, These authors also carried 


out the oxidation of olefins by oxygen in the presence of copper and palladium salts, but by a somewhat different 
method, 
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Thus the following reactions; 


+ + = Pd + CH3CHO + 2H* + 4X- (4) 


Pd + 2Cut* + 6X~ == PAX?” + 


(5) 
CoH, + 4/202 = CHsCHu 


(6) 


take place when a mixture of olefin and oxygen is passed through a solution containing palladium and copper 
salts, 


The rates of Reactions (4), (5), and (6) must be equal if there is to be a possibility of establishing a sta~ 
tionary state, The interaction of the olefin with pd, (4), proceeds through the formation of a m-complex and 
it is possibly, for this reason, strongly dependent on the concentrations of those ions which are capable of pro- 
ducing stable acido complexes of the Pdx2” type. This makes it possible to maintain a stationary state in the 
reactor by using an excess of halide ions, characteristic of each olefin, and varying the cu concentration and 
the partial pressure of the oxygen, 


It should be noted that practical interest also attaches to the oxidation of the lower olefins by oxygen to 
form carbonyl compounds, Under our experimental conditions, using a catalyst containing 0,02 moles/liter PdCl,, 
0.16 moles/ liter CuBr,, and 0.04 moles/ liter CuCl,, a temperature of 90°, and volume velocity of 100 liters per liter 
of catalyst per hour, there was a 25% conversion of the ethylene and a yield of acetaldehyde amounting to 95% of the re- 
acted ethylene, Passing a 75% propylene and 25% oxygen mixture through a solution containing 0,02 moles/ liter 
PdCly, 0.15 moles/liter CuBr,, and 0,15 moles/ liter CuSO, at 90° and a volume velocity of 100-150 liters per 
liter of catalyst per hour gave a propylene conversion of 15-17%, and a yield of carbonyl compounds amounting 
to 95-96% of the propylene reacted, There was a 15% olefin conversion on passing a stoichiometric mixture of 
oxygen and cis and trans butylene-2 through this same catalyst at a velocity of 65 liters per liter of catalyst per 
hour , 


The replacement of a hydrogen atom at a double bond by a methyl group decreases the reaction rate in the 
order; CH,==CH, > CH3CH= CH, > cis~and trans ~CHgCH ==CHCHg >(CH3)gC =CHCH;. The stability of the 
complexes of divaient platinum with the olefins diminishes in this same order [11]. This justifies the presump- 
tion that the retardation of the reaction is related, at least in part, to a decrease in the constant for complex 
formation, since this quantity enters into the observed rate constant as a multiple, 


Thus the over-all reaction in each of the investigated instances of oxidation is such that a m~-complex is 
formed and decomposed in one step and the palladium atoms formed in decomposition are oxidized in another, 


The experimental data which are available at the present time are insufficient to justify drawing any con- 
clusions as to the mechanism of this reaction, It seems to us, however, that it would be useful to express cer- 
tain hypotheses concerning this matter, 


It can be presumed that the splitting away of a proton from the strongly polarized carbon atom of the 
olefin 


+ Cl,Pd — C = CH, | —-+H,0+ 
| 
H 


is the first step in the breakdown of the m-complex, the complex being then converted into a metalloorganic 
compound which reacts with water, possibly through a five-membered complex according to; 


| | 
(1) 
Cit 
cl 
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Pd 


CH; = CHOH > CH,CHO. (8) 


It is to be noted in conclusion that certain olefins interact with palladium salts to give complex compounds 
whose syntheses and properties have been described earlier [12]. 
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The coefficient of diffusion for movement of adsorbing gases in porous bodies varies on passing from one 
interval of coverage to another [1-3]. The study of this relationship, so vital to an understanding of the mechanism 
of the transfer of matter, is usually carried out with grains of regular geometrical form and for these, solutions of 
the differential diffusion equation are available, These grains are prepared either by powder pressing of such ma- 
terials as lampblack and silica gel, or by breaking down sorbent grains of larger dimensions, The disadvantage of 
the first method is that pressed grains are not always capable of giving a good reproduction of the structure of a 
real porous body, and thus represent no more than a model of the latter, whereas there is always the possibility that 
results obtained by the second method will be distorted to a certain degree by clogging up the coarse pores with 
small sorbent particles during grainbreakdown. Discussion is given below of the possibility of avoiding these in- 


definite effects from the preparation of experimental materials by studying the relation between the diffusion coef- 
ficient and the coverage of real sorbent grains, 


Let {t be supposed that grains of arbitrary form on which the adsorption corresponds to equilibrium at the 
concentration c, are placed in a gaseous medium whose concentration is held constant at cy. Let it be also sup~- 
posed that the working interval of concentrations is a narrow one within which the diffusion coefficient, D, and 


the Henry coefficient, I’ = da/dc, are approximately constant (a is the amount of material adsorbed, and c 
is the concentration), 


The equation for a nonstationary diffusion process in a uniform medium will here assume the forms 


1 


in which y = ae 


coordinates and the time, and A is an operator whose form depends on the choice of coordinate system. 


is the relative concentration, c is the concentration in the grain, a function of the 


A supplementary condition for desorption will be that y = 1 when t= 0, 


Most cases will be such that 1 «I (an assumption to this effect is not essential to the further development), 
so that 


(2) 


7 
: a Ay. 
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The Fourier Method can be used to obtain a particular solution of Eq. (2) in the form of a product of two 
terms, one, v, depending on time and the other, u, depending on the coordinates, i.e., 


y = Avu; (3) 


A being an arbitrary constant, 


The functions v andu_ are related by an equation of the form 


Au 9 


k being an arbitrary constant, 


It follows from (4) directly that 


v= er (5) 


T being equal to Dt /T. The integration constant has not been written down here since it can be included in the 
coefficient A. 
Substitution of (5) into (3) will give 


Y= aw 


The general solution can be expressed as a sum of particular solutions, i.e., 


2 


n 
where the coefficients A, and kp are selected so as to satisfy the specified conditions, The form of the function 
u, is fixed by (4). 


We will be interested subsequently in the amount of material adsorbed and will therefore pass to the mean 
relative concentration, y, a quantity which is found by integrating y over the volume of the grain, W: 


i= 


Antine = ( AntindW = Bn, 
n n Ww n 


the value of By, = = f Anu,dwW being independent of time. 
W 
From the earlier assumption that a = Ic, it follows that 


(9) 


a_ being the amount of material adsorbed at the time t, and a and ag, the equilibrium adsorptions at the 
respective concentrations cy and C2. 


Equation (9) corresponds to desorption, For adsorption, a, > a, and the equation takes the form 


a—% wp 
n 


For a given value of the adsorption (desorption), a = a, and Eqs. (9) and (10)show that 


6) 
n 
>) Bae |_| 
n 


Dt, 
const, 
so that the relation 


Dy 


t. 

(12) 

is valid for two different regions on the isotherm. 


The quantities with index 1 refer to one of the these concentration intervals and the quantities with index 
2, to the other, 


Equation (12) makes it possible to find the relation between D and the degree of coverage for sorbent 


grains of any form. The values of the Henry constant for the various concentration intervals are obtained from 
the adsorption isotherm , while the time ty is given by direct kinetic measurements. 
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The growing interest in the kinetics and mechanism of acid-catalyzed reactions in nonaqueous and 
mixed solvents has brought out the need for measurements of the acidity function in such systems, Special 
interest attaches to measurements in alcohol-water media, The very first quantitative work on this problem 
(1] showed that the relation between the acidity function Hg and the medium composition was a complex one 


which could not be interpreted in terms of an alteration in the basicity of the medium, as was possible in other 
simple cases [2]. 


Both Bartlett and Tsvetkova have shown that the addition of isopropyl alcohol to HySO, — H,O [3,4] or 
HsPO,- H,O [4] systems results in a much larger molar decrease in the acidity function Hg than that which is 
obtained from the addition of water. The relation between the acidity function and the medium composition 


can be expected to be even more complex in the case of indicators such as triphenylcarbonyl [5] which ionize 
with the liberation of a molecule of water: 


Karon 
Phs COH + H* Ph, + H,O, Karon 
H,O*Ph,C+ 


(1) 


There is no data in the literature on the value of the acidity function Cy for mixed solvents, Values of 
the Jy function have been obtained for the H3SO¢-H,O-CH,COOH system by Gold and Hawes [5]. 


Measurements have been made in the present work on the relation between the Deno acidity function, Co, 
of sulfuric acid (43 -60% H,SO,) and the concentration of added isopropyl alcohol, working over the interval 
from 0.2 to 1.5 moles/liter at 40, 54, and 60°, Triphenylcarbonyl was used as an indicator in these measurements, 
the substance ionizing in acid medium according to Eq. (1) [5]. Values of the acidity function for solutions con- 
taining alcohol at various concentrations were calculated from the equation 


Co; PK aron + Ig Ii, (2) 
Karoy being the equilibrium constant for the reaction in the NgSO,— H,O system, and I, = Gage 
1 


the indicator ratio at the i-th alcohol concentration (the square brackets are used to designate concentrations), 
The indicator ratio I; was determined spectrometrically at A, ax = 432 mp, working in the region where ad~- 
sorption is due to the ionized form alone; the Lambert-Beer Law shows that the measured value of the optical 
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density, D, is equal to el [Ph,C’ ]. The concentration of Ph,COH was evaluated from the material balance 
equation, The measurements were carried out with a SF-2M recording double-ray spectrophotometer, using 

a thermostatted cell 5 cm in length, Direct measurement of the equilibrium optical density, Dj, of the H,SO,— 
—H,O-i-CsH,OH system proved to be a matter of difficulty since a pseudo first-order reaction takes place when 
isopropyl alcohol is added to a sulfuric acid solution of triphenylcarbony] and the optical density diminishes with 
time. For this reason, the optical density Dj; was evaluated by extrapolating a straight line in a log D,t graph 
to zero time (t = 0) (see Fig. 1). 


§ 15 min 0 02 06 06 08 10 M/ liter 
——(, » acid, initial 

Fig. 1. Graph for determining Fig. 2, Graph for determining Fig. 3, Relation between the 
the initial optical density at pK for triphenylcarbonyl at acidity function Cy and the 

t = 40°; 50.96% H,SO, and t= 40°, concentration of added alco- 
Calc = 0.5 moles/ liter, hol at t = 40°; 50.46% H,SO,. 


TABLE 1 
The Relation between the Indicator Ratio and the H,SO, Concentration 


t = 30° t = 40° t = 50° 


An evaluation of I; for a system containing alcohol must take account of the alteration in the specific 
gravity of the sulfuric acid which results from addition of the alcohol, Here, we have made use of the equation 
proposed in the paper of V. I. Tsvetkova [4]; 


d;= dy (1 — 0,054 


= 
| | | | 
| 0 
43,22 | —5,37 | 41,416 |] 44.35 | —5,55 | 40,524 46,78 | —5,96 $9,482 
45,05 | —5,65 | +0,78 || 44:90 | —5.64 | +0.845 
46:95 | —6.00 47,28 | —6,05 | +0,356 48,72 | —6.29 |—0.104 || 45.10 | —5.67 | +0.491 
‘ 48,22 | —6,21 | +0,182 || 48,66 | —6,29 | —0,04 50,43 | —6,59 |—0,414 |] 47,33 | —6,04 | 40,160 
49,17 | —6,38 | +0,083 || 49:90 | —6.51 | —0.213 52:01 | —6,89 |—0,746 || 49,42 | —6.40 | —0.20 
50,66 | —6,65 | —0,286 |} 50.48 | —6.62 | —0,396 53,47-| —7,17 |—1,062 || 51,44 | —6.77 | —0,60 
52,06 | —6.92 | —0,782 || 51.46 | —6,81 | —0,599 54.50 | —7,38 |—1,242 || 52.14 | —6.90 | 0,744 
53,89 | —7.31 | —1,194 |] 53,42 | —7,19 | —0,942 55,60 | —7,61 |—1.638 || 53,28 | —7,11 | —0,895 
55,62 | —7,67 | —1,95 |] 55,70] —7,.67] —1.773 54,19 | —7,27 | —0,985 
56,72 | —7,95 55.02 | | 
: 57,59 | —8.16 56,10 | —7,70 | —1,645 
57,34 | —7,97 
pK = — 6,31 pK =—6,21 pK = —6,17 


in which dy is the initial specific gravity of the sulfuric acid, d; is the specific gravity of the acid containing 
isopropyl alcohol, and Ca), is the alcohol concentration in gram-moles per 1000 g of the initial acid. We 
have used values obtained in the H,SC,—H,O system without added i-C,H,OH in calculating Cy, from Eq. (2), 
considering pK to be practically constant over the investigated interval of isopropyl alcohol concentrations 
ranging from 0.2 to 1.5 moles/ liter. Some values of pK Aron 2t elevated temperatures could not be found in the 
literature and these were determined in a special series of experiments at 30, 40, 50, and 60°, The values of 

PK aro Were obtained graphically from the log I, Cy relation at log I = 0, using Eq. (2), Table 1 shows the de- 


pendence of log I on Co, and values of pK at 30, 40, 50, and 60°, Figure 2 gives a graph of this relation 
at 40°, The slope of the straight line is close to unity. 


TABLE 2 


Temperature Dependence of the Acidity Function, Cy, of the Medium and 
Its Variation with the Alcohol Concentration 


Cale: Cale: Cale, Cale, 
M/ liter M/ liter M/ liter M/ liter 


CH,SO, = 48.18% CH,sO, 

—6,21 0 
—6,01 0,13 
0,16 


= 51,46% 
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mosses 


ese 
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60° 


CH,SO,= 46.76% CH,so,= 51.57% 


Q 
= 


i>) 

= 


egee 


OFS 


a 


S25 


The values of the acidity function, Cy, at 30, 40, 50, and 60° which are needed for an evaluation of 


PKaron re lacking in the literature, These evaluations have been carried out through the well-known equa- 
tion 
Co= Ho+ Ig auo+ lg 
0 0 g o+ g Faron: (3) 


in which ay 0 is the thermodynamic activity ofthe farct /f ArOH,* is the ratio of the activities of the car- 


bonyl ion and the protonized carbonyl, Values of Hy at various temperatures are needed for calculations based 


| 
t= 40° 
= 50,46% CH,SO,= 53.42% 
—6,62 —7,19 
—6,69 —7,16 7 
—6,69 —7,18 
0,43 —5,84 —7'19 
0,59 —5,81 —7,09 
0,69 —5,79 —7,@ 
= 49.80% me 
H,SO, = —7, 
—6,87 
0,31 = 58,60% 
0,33 —6,10 —8,39 
0,36 —6,13 —8,09 
0,46 —6,14 —7,% 
0,68 —6,01 
t = 54° 
Cc = 44, 24% = 49.37% 
0,40 —5,66 0,49 —6,44 —6,19 
0,51 —5,66 0,60 —6,31 —6,195 
0,66 —5,50 | 52.34% —6,12 
CH,sO,= 49,55% 0 —6,95 —6,14 
ta | Se | 
0.46 —6,13 0.49 —6,66 0, = 51.26% 
0,46 —6,15 0,55 —6,51 —6,74 
CH,SO,= 50.70% —5.63 —6,55 
0 —6,65 0,29 —7,18 
0,31 —6,42 0,51 | —7,16 = 46,88% 
0,52 —6,35 0,68 —7,24 —5,97 
0,64 —6,31 —5,78 
0,77 —6,23 a —5,76 
—5,76 
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on Eq. (3) and these were taken from [6]. Values of a), for the H,SOg-H,O system were calculated from 
tables of data on the vapor pressure of water above sulfuric acid (p) and pure water (Pg) [9]. The last member 
of Eq. (3) was assumed to be independent of temperature, Values of this term at 25° and various H,SO, concen- 
trations were taken from the paper of Deno [7]. 


The data of Table 1 were used to evaluatethe heat of protonization of triphenylcarbony] in the H,SO,- 
—H,O system and the entropy change accompanying the process, the respective values being AH = 3280 + 100 
kcaVmole and AS =~ 18.4 + 0,10 cal/mole - deg; from these it follows that 


2,3 RpKou= — — 18,4. 


Values of the acidity function Cy of sulfuric acid solutions of various concentrations with added isopropyl] 
alcohol are shown in Table 2, these having been calculated from Eq. (2). 


The accuracy of these results does not exceed 20% and the error is 100% in the region of 60% H,SO, where 
the value of Cph.cOH is quite low, but the following regularities stand out quite clearly nevertheless, 


The acidity function Cy resembles Hy in that it diminishes according to a linear law as the concentration 
of alcohol in the system is increased (Fig. 3) 


ACy =Coj —Cy =NC, (4) 
This relation is more clear-cut than that for Hy. The value of n diminishes with a rise in the initial con- 
centration of the acid and with an increase in the temperature, Fig. 4 showing a relation of the form 


n=a(Cy +A), (5) 


(Cp refers to the initial concentration of the HgSO,) to be valid at any one temperature, 


Thus a = 0,304 at 40° and A = 8,69, a = 0,281 at 54° and A = 7.93, and a = 0,228 at 60° and A = 7.60, The 
dependence of n on Cy at these three temperatures is shown in Table 3, while the relation for t = 40° is given 
in Fig. 4, 


TABLE 3 


The Relation between the Parameter n and 
the Acidity Cy of the Initial Acid 


¢ = 54° t= 60° 


Co 


i 


“8 “9 


Fig. 4. Relation between the 
parameter n and the acidity 
function Cy of the initial acid 
att= 40°, 


The alteration which has been observed in the relation between Cg and Calc Over the working interval of 
temperatures and H,SO, concentrations is consistent with the hypothesis that the principal effect of the added 
alcohol on the acidity of the acid-water system comes from a breakdown in the hydrogen bonding in the water 
molecules with a resultant increase in their basicity [1, 8, 10]. In such a case, an elevation of temperature 
should act in the same manner as an increase in the acid concentration, decreasing the degree of association 
of the water molecules and thereby serving to diminish the effect of the alcohol in altering the solvent structure 
and its basicity. This theoretical prediction finds its full support in the data which have been obtained here, n 
diminishing with an increase in the HeSO, concentration and the parameters a and A decreasing with the 
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Be 98 t = 40° 
04 | n | n Ce | n 
; —6,21 | 0,755 | —5,94 | 0.565 | —5,46] 0,496 
—6,41 | 0,700 | —6,42] 0.455 | —5.91 | 0,380 
—6,62 | 0,626 | —6,65 | 0:334 | —5.97] 0,320 
—6.81 | 0,610 | —6.79| 0.310 | —6.40] 0.53 
—7.:19 | 0,456 | —6,95 | 0/285 | —6.74] 0,21 


temperature, The effect of the alcohol on the thermodynamic activity of the un-fonized water accounts for the 
different behavior of G and Hgwhen alcohol is added to an acid [3,4]; the alcohol which is added to the H,SO¢- 
~H,0 system binds a portion of the acid, thereby liberating water and increasing the value of a};,0. The rise in 
ay ,0 leads to a diminution in Cp. 
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THE LOW-VELOCITY DETONATION OF LIQUID EXPLOSIVES 


L. G. Bolkhovitinov 
Physicochemical Institute, Academy of Sciences, USSR. 
(Presented by Academician V, N. Kondrat*ev, October 9, 1959). 


(Translation of: Doklady Akademii Nauk, Vol, 130, No.5, 
1960, pp. 1044-1046) 


Original article submitted October 5, 1960, 


It is known that in some liquid explosives (nitroglycerin, methylnitrate), besides the normal detonation 
mechanism with a velocity equal to 7-8 km/sec corresponding to their thermodynamic characteristics, there 
may occur a mechanism to which corresponds an expansion velocity of not more than 1,7-2,2 km/sec [1-4]. 
The essential difficulty in the explanation of this phenomenon lies in the fact that at a low velocity of the 
pressure wave, viz, at a velocity near to that of sound (the latter being about 1.5 km/sec), the temperature in- 
crease at the compression in the wave is small and cannot initiate the chemical reaction in the substance, 


Indeed, an estimate of the temperature increase from the relation 


AT = (D —c)? / 2cp (1) 


gives for liquids with c% cy = 1,5 kmAec, cy = 0.3 cal/g-deg, and D=2 km/sec a value AT & 100°, 


Therefore, one generally accepts the assumption of Bowden [5] that the reaction starts at trapped gas bubbles 
which are heated far more strongly by the compression than the bulk of the explosive, In this it is assumed that 
the low detonation velocity is connected with the incomplete decomposition of the substance as a result of the 
dispersion of the reaction products, This assumption, however, does not explain the fact that the low detonation 
velocity, just like the normal velocity, is practically independent of the diameter of the charge, while the expan~ 
sion time of the detonation products is connected significantly with the diameter of the charge, Therefore, it 


also remains difficult to understand that one does not observe detonation mechanismsto which the velocities of 
3-7 km/sec would correspond, 


We think that this phenomenon may be very simply explained if one uses as starting point the experi- 
mentally ascertained fact that the passing of the pressure wave through the substance may be attended by a phase 
transition (6, 7]. Crystallization is a phase transition which may attend the passing of the pressure wave through 
liquid explosives, Since the phase transition cannot take place inside the pressure-wave front, whose width is not 
more than a few intermolecular distances, the change of the liquid into the crystalline state must occur in some 


zone lying behind the pressure-wave front and having a width determined by the crystallization rate of the ex- 
plosive, 


The possibility of the forming of such a zone depends on the relative location of the phase equilibrium 
curve and the curve T=f(Ap) which describes the dependence of the temperature increase behind the pressure = 
wave front on the pressure jump, As an illustration, we give in Fig. 1 the phase equilibrium curves of two liquids 
(1 and 2) and their joint curve T=f(Ap) (3). It is obvious that a pressure increase to a value P» Pg SPSPp» must 


cause the appearance of a crystallization zone in liquid 1, while in liquid 2 a crystallization zone is not produced 
at any intensity of the pressure wave. 


: 4 
> 
Ke 


Let us consider the change of the pressure P» of the specific volume v= 2. » and of the flow rate w at 
each side of the crystallization zone, We indicate the values in the unperturbed substance, in the pressureswave 
front, and in the plane where the phase transition is completed by the indexes 0, 1, and 2, respectively. The 
balances give two systems of equations: 


PoD = pi (D — @); (2) 
PotD = pri (3) 
and, correspondingly, 

PoD = (D — wr); (5) 
= pr; (6) 

H,— Ho = Pa (1) 


(we assume that p, > pp ). From (4) and (7) it follows that 
2 — Hy) = 09 (P2 — P1) + — Pid. (8) 
The value p,~p, is found from (2), (3), (5), and (6): 
P2 — = p2D® (v2 — 04). (9) 


If the change of v caused by the pressure decrease from p, to p, is neglected in comparison with the change 
in volume caused by the phase transition, then it may be supposed that v.-v, = AVph» where Avph is equal to the 
jump in volume at the phase transition. Modifying (8) to the form 


2 — Hy) = 09 (P2 — Px) + 01 (P2 — — Pr (V2 — 
and using (2), (3), and (9) we get 


(Hy — Hy) = ps, 
% 


Supposing that the change in enthalpy at the transition from state 1 to state 2 is simply equal to the latent 
heat of melting A, we obtain from the preceding equation 


- (10) 
ph. 


If one draws in the p-v plane the Hugoniot adiabat (see Fig. 2) for the original substance, then the state 
at point A corresponding to compression in the strong wave is realized in a detonation with the normal velocity 
Dy- Point B represents state 2 defined above, so that the slope of line OB is fixed and, therefore, the value of 
the low velocity D,, is determined by relatjon(10), If it is assumed that the crystallization zone is followed by 
a chemical-reaction zone with a normal structure (which is only true in so far as we may neglect the chemical 
reaction in the first zone), then the pressure in the Chapman~Jouguet plane must be equal to 0.5 p,. To this 
corresponds in the p-v diagram (curve 1) a tangent point of the straight line OB not with the isentrop of the re~ 
action products 2, but with some curve 3 representing the isentrop of the substance when it has only partially 
reacted, In other words, the low detonation velocity may only be realized when the expansion time of the re- 
action products is comparable with the chemical-teaction time. 


Since for a stationary propagation of the detonation wave it is necessary to satisfy the well-known condi- 
tion of Yu. B, Khariton r= 6, where Tt represents the chemicakreaction time (more exactly, the time 


« 
/ 
a 
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needed to release the energy necessary to support a station~- 
ary wave) and 6 the expansion time of the reaction pro- 
ducts, the appearance of a crystallization zone behind the 
pressure wave causes the dispersion time to increase sharp~- 
ly and, therefore, the condition of Yu, B. Khariton may be 
satisfied also for larger T. This follows from the fact that 
the sound velocity in a two-phase system decreases in com- 
parison with the sound velocity in the liquid [8]. Thus, it 
cannot be decided whether the temperature increase to some 
value T is produced by direct compression in the pressure 
wave (without appearance of a crystallization zone) or by 
means of the mechanism proposed by us. In the first case, 
the expansion of the substance starts at once behind the 
pressure wave, but, in the second case, it does not start un~ 
til the difference between the solid and the liquid phase 
vanishes as a result of the chemical reaction, This, in our 
opnion, also explains the stability of detonations with low 
velocity, as contrasted with mechanisms with higher ex~- 
pansion velocities but not attended by crystallization, 


Fig. 1.Possible correlations be - 
tween the phase-equilibrium 
curves (1 and 2) and the state 

of the substance behind the pres~- 
sure-wave front (3), 


As an example we consider a low-velocity detona~ 
tion in nitroglycerin (T_ = 13,2°) for which the heat of 
fusion and the volume change at freezing are known [9]. 
Substituting in (10) the values A= 33,2 cal/g, vp = 0.62 
cm'/g, and Avph = 0.05 cm*/g, we find that upon chang- 
ing v, from vp to 0.5 vp the velocity of the stationary pres- 
sure wave changes from 1310 to 1830 m/sec. Since we 
used values of A and Avy) measured at atmospheric pres~ 
sure and the crystallization takes place at pressures chang~ 
ing from p, to pz, the velocity value obtained is (up to 30%) 
too low, because at higher pressures the heat of fusion in- 
creases and Av.) decreases [10]. Taking this into ac- 
count, we may consider the value of D calculated by us to 
be in good agreement with the experimental results, 


Fig. 2, A p-v diagram for detona~- If it is assumed that the equation of the isentrops for 
tions with normal and with low ve~- the products of an incompletely decomposed explosive may 
locity. be described in the form proposed by L. D, Landau and K.P. 
Stanyukovich ; py = constant, where the value of n may be 
taken equal to 3, then we deduce from the condition p, = 2P,D?/(n +1) that at D = 1700 m/sec p, = 24000 atm 
and p, = 19500 atm, Ata wave velocity D = 2000 m/sec we deduce correspondingly that p» = 32000 atm and 
Py = 26000 atm. An estimate of the phase-transition temperature at these pressures from the Clausius-Clapeyron 
equation or from the analogy with Bridgman's experimental data for high-molecular organic compounds gives a 
value of 450~600° for the temperature in the crystallization zone, In fact, an increase in the temperature of the 
explosive to the said value may be achieved when the chemical reaction proceeds at the required rate, 
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E. Budevskii and S. Toshev 
Sofia State University, Sofia, Bulgaria 
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Polarization curves for the electrochemical reduction of chromic acid show that the reduction proceeds 
across some phases depending upon the electrode potential, In the first phase of the electrochemical reduction— 
the range with two maximums in the polarization curve — almost 100% of the chromic acid is reduced to trivalent 
chromium [1], At a more negative potential there proceed three processes on the cathode; a) reduction to tri- 
valent chromium, b) reduction to metallic chromium, and c) evolution of hydrogen, 


Obviously, the mechanism of chromic acid reduction is complicated, The first step in its study has been 


made, especially in recent times, by numerous investigations of the first phase [2-5]. The result of these in- 
vestigations may be summed up as follows; 


1, Chromic acid is reduced only in the presence of sulfuric or other added acid, In the absence of such an 
acid only hydrogen is evolved, 


2, The current density ipjax in the first maximum of the polarization curve is proportional to the concen- 
tration of sulfuric or other added acid [2,4,5]. 


3. The mixing conditions apparently exert considerable influence on the value of i,.,,. Thus, it was 
found by Vagramyan that at a vertically stirred electrode the maximum current is proportional to the square root 
of the number of electrode strokes per minute, 


These facts show that the sulfate ions take some part in the process at the electrode during the reduction of 
chromic acid and that the rate of this process depends upon the diffusion rate of sulfate ions to the electrode, The 
part played by the sulfate ions is explained in various ways; Muller [6] thought that in the absence of sulfuric or 
other added acid a thin insulating layer of basic trivalent chromium salts is formed on the electrode, Sulfuric 
acid dissolves this layer, On the other hand, Vagramyan [2] assumes that chromic acid ions cannot be directly 
reduced at the electrode, The reduction is only possible in the presence of sulfuric or other added acid with which 
the chromic acid forms complexes, An intermediate position between these extreme viewpoints is taken by 
Gerischer [7], and Reinkowsky and Knorr [8], who suggest that the layer which blocks the electrode surface and 


consists of intermediary products of the chromic acid reduction forms complexes with sulfuric acid which are 
further reduced to complexes of trivalent chromium, 


All three of these assumptions show that the presence of sulfuric acid is necessary to let the current 
through, but not that the current is limited by the diffusion rate of sulfate ions, To effect such a limiting it is 
necessary that sulfate ions be consumed in the total electrode process, Such a consumption may be caused by 
forming complexes of the reduction products with sulfuric acid, This consideration does not require the complex 
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to be very stable, It is sufficient that its mean lifetime is longer than the time it stays in the diffusion layer. 
Such an assumption is entirely acceptable, since recently there have also been discovered very stable complexes 


of sulfuric acid with trivalent chromium [3, 9]. 


40 
vz ——— 


Fig. 1. dependence of (i in ma/em4 
upon z 4/2 (z in cycles/ min) at 200 g/liter 
CrOg and 8,0 (1), 4.0 (2), 2.0 (3), 1.0 (4) g/liter 
t = 25°C, 


Fig. 2, The dependence of 1/i,,ax (i in ma/ 
/cm*)uponz~“* (z in cycles/ min) at 200 g/ 

/Miter CrO and 8,0 (1), 4.0 (2), 2.0 (3), 1.0(4), 
0,48 (5) g/liter H,SO,, t = 25%. 


In order to elucidate the mechanism and the 
kinetics of the chromic acid reduction it is necessary 
to choose diffusion conditions which determine the 
course of the process as specifically as possible. The 
rotating disc electrode enables one to do just that, 
Obviously, the investigations of Matulis and Mitskus 
[4] uniquely meet these requirements, These authors, 
however, performed the electrolysis at a fixed current 
density, which is not the most suitable condition for 
this kind of experiment. The results of our investiga~- 
tions have been obtained for the reduction of CrO, 
ata fixed potential on a rotating disc electrode made 
of gold. The solution contained 200 g/liter chromic 
acid and from 0,5 to 8 g/liter sulfuric acid. A thermo- 
stat kept the temperature at three levels; 10,25, and 
45°. 


The dependence of the maximum current density 
upon the revolution rate z of the electrode is shown 
in Fig.1. From the graph it is obvious that the depen~- 
dence of i,,4, upon z!/2is much more complicated 
than may be expected when the current is limited by 
diffusion only, At high revolution rates there is ob- 
served a current density which is smaller than would 
correspond to linear dependency, and this may be ex~ 
plained by the occurrence of an additional limiting of 
the current density, Such a limiting may be caused 
by some process which precedes the electrode process 
itself (for instance, the dissolution of the surface layer, 
the formation of electroactive complexes, etc.). Under 
conditions where the rate of this process is of the first 
order with respect to the concentration of the sulfate 
ions, one may use the following equation for the cal- 
culation of the current density 


(1) 


where ig represents the value of the current limit de~- 
termined by the diffusion rate alone and i, the value 
determined by the kinetics of the preceding reaction 
alone [10]. 


Keeping in mind that the diffusion current 1, is 
proportional to z4/2 according to the equation of 
Levich [11] and that i; (the so-called kinetic current) 
does not depend upon the revolution rate, we find from 
equation (1) that 1/1 must be a linear function of 
z/2, It is obvious from Fig. 2 that this dependency 
is neatly satisfied, in any case, at high revolution rates 
of the electrode, The slope of this line makes it 
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Fig. 3, The dependence of i4(z=1) and i, 
upon the concentration of H,SO,. 
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Fig. 4. The dependence of 1/i,,g, (i in 
ma/ cm?) upon z“*/2 (z in cycles/ min) at 


200 g/liter CrO, and 4,0 g/liter H,SO,. 
t=10° (1), 25° (2), 40° (3), 


possible to determine i; at z = 1 and the intercept 
gives the value of i,.* In Fig. 3 is shown how the 
kinetic current (calculated in the said way) depends 
upon the sulfuric acid concentration, In the same 
graph is also given the dependence of the diffusion 
current at z = 1 upon the sulfate ion concentration. 
It is obvious that both the kinetic and the diffusion 
current are proportional to the concentration of the 
sulfate ions in the electrolyte, It is interesting to 
note that, if one uses in the equation of Levich a value 
of D varying from 1 to 3 + 10 cm*/sec, one obtains 
for n (the number of electrons exchanged per sulfuric 
acid molecule) a value varying from 12 to 24, In the 
reduction, however, only CrOs participates, so that 
three electrons are consumed per CrO, molecule 

gt 
(cr cr), Consequently, on the average,8 to 4 
chromic acid molecules are reduced in the interaction 
of one sulfuric acid molecule with the blocking layer, 


The dependence of the maximum current upon 
the temperature has also been investigated. The values 
obtained at 10,25, and 40° are given in Fig, 4. The co- 
ordinates in the graph are: 1/i and z~!/2, As has been 
remarked before, the intercept is equal to the inverse 
of the kinetic current, It is obvious from the graph 
that the scattering of the kinetic-current values lies 
within the accuracy of the measurements and that the 
kinetic current does not substantially depend upon the 
temperature, The dependence of the diffusion current 
upon the temperature, as obtained from the slope of 
the straight lines in Fig. 4, corresponds to a tempera- 


ture coefficient a = 0,019, This value is in good 


agreement with the value which may be expected ac- 
cording to the convective diffusion equation of Levich, 


The fact that the current density is limited by 
diffusion shows that sulfate ions are consumed at the 
surface of the electrode, This may be effected by the 
formation of complexes from the reaction products and 
the sulfate ions, These complexes must be sufficiently 
stable so that they do not decompose during the time 
they stay in the diffusion layer. In this case the sulfate 
ions must leave the layer in the form of complexes, 


At low revolution rates, however, the diffusion 
processes are highly retarded and the complexes 
formed may decompose before they leave the diffusion 
layer. The sulfate ions thus released, of course, again 
take part in the diffusion process and the current den- 
sity will be higher than corresponds to a normal diffu- 


sion current, Thus, at low revolution rates, one must observe a catalytic current which in the graph of i versus 
gives a curvature analogous to the curvature observed experimentally (Fig. 1). 

*A similar analysis of the correlation between the current density and the number of revolutions has been given 

by A. N. Frumkin and co-workers at an investigation of the ionization kinetics of Hy and Cy, on a platinum 


electrode [12, 13). 
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The literature contains scarcely any data on the influence of high doses with a broad range upon radiolytic 
conversions in aqueous solutions, although this question is of great scientific interest, Even the radiolytic oxida- 
tion of bivalent iron in diluted solutions of sulfuric acid in water, which is one of the most widely studied dosi- 
metric systems, has scarcely been investigated in \ a respect, It is only known [1] that at high doses (commenc~ 
ing with 10 ev/nl-sec) the ratio G(Fe® )/G(ce® *) (in diluted aqueous solutions of Fe 2* and Ce*" salts) notice- 
ably decreases, Moreover, there is a paper [2] on the determination of the G(Fe® e value at doses of ~5 - 107 
ev/ml-sec, In that paper it has been found that G(Fe® *) at such doses hardly differs from the G(Fe*’) value for 
the doses usually applied in radiation chemistry, 


In the cited studies the high doses were effected by electron pulse irradiation, For this purpose linear 
electron accelerators with a high pulse frequency (50 or more pulses per second were used), In the study [2] the 
single pulses were applied by means of a mechanical selector which, however, does not eliminate entirely the 
effects of the background current, In the other study [1] it is not indicated at all which precautions were taken 
to neutralize the influence of the background current, 


Previously [3] we have determined the G(Fe s*) value at doses of 10” ev/ml + sec, Ferrous sulfate solu- 
tions were irradiated by single monoenergetic electron pulses generated in the high-voltage electron tube of a 
linear accelerator fed by a cascade valve~capacitor voltage multiplier on 1,0-1.2 Mv. By using a special de- 
sign we managed be? diminish the influence of the background current to 3-5% of the total effect of the pulse, 
The value of G(Fe® ) found by us was equal to 15,0-15.1 ion/100 ev, Undoubtedly, it was of interest to deter- 
mine the value of G(Fe** ) at higher doses, Firstly, such an investigation is of the highest importance for the 
chemical dosimetry of ionizing radiations. Secondly, it gives some insight in the behavior of the radiolysis prod- 
ucts of water under conditions where the tracks of the ionizing particles overlap, 


For this purpose we perfected the generation of electron pulses in the accelerator tube of a linear accelerator, 
Thanks to this, we succeeded in investigating the radiolytic oxidation of bivalent iron in aqueous solutions of 
sulfuric acid at doses up to 10% ev/ml « sec, Just as previously [4], the electron pulse radiation was obtained by 
modulating the rectangular accelerating voltage pulse of the electron gun which serves as injector tube, In or- 
der to diminish the duration of the pulses (down to 1-5 psec) and to eliminate from the pulse-modulator scheme 
the raising transformer (an inevitable source of distorted pulse fronts) we used a pulse modulator with two artifi- 


cial formating lines in a discharge chain and so it was possible to obtain in the output a potential equal to that 
of the discharge, 


In the modulator we used a high-voltage thyratron as discharger. The generator effected the driving of 


1 
5° 


the discharger by means of ignition pulses collected in the circuit of a delayed blocking -generator and the 
photosensitive apparatus F£U~-19 effected the regulation of the modulator at a distance, With the aid of a time 
relay the photosensitive device was regulated by a light pulse given by a flash-bulb of the type IS-50. A rec~ 
tangular negative potential pulse (16 kv) falls on the cathode of the electron gun, which injects an electronic 


current pulse in the accelerating field of the tube, The emission of the tungsten cathode was increased by an 
activation with thorium dioxide, 
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Fig. 1, Pulse-modulator circuit, 


However, by raising the pulse dose to 10” ev/ ml-sec the background current was considerably increased 
(to 15- 25% of the total effect of the pulse) and this, of course, might impair the results of the determination of 
G(Fe*), Consequently, we used a special circuit, which entirely eliminated the influence of the background 
current, The scheme of this circuit meant the application of a locking positive potential to the cathode of the 
gun via the adjusted resistance of the artificial line and it contained an uncoupling element DGTs-27 (see Fig.1). 


Previously [3] we used a ballistic galvanometer to measure the energy of the electron pulse radiation ab- 
sorbed in the irradiated system, When working with a ballistic galvanometer the systematic error is considerable 
and the calculation of the results takes much time. For this reason we developed an integrator , which records 
the energy absorbed at each pulse and integrates the result over the whole series of pulses. The amount of elec- 


tricity in the current pulse is converted by the integrator to a signal whose duration is a function of the current 
amplitude, 


The action of the integrator is based on the following principle. By means of a platinum sonde the pulse 
of the accelerated electrons absorbed in the reaction vessel is passed to the capacitor C, which is discharged via 
the reistor R. The discharge signal is amplified and inverted in a phase-inverting amplifier and is applied to the 
next relay, a Schmitt trigger. The Schmitt trigger gives a rectangular signal whose duration is a function of 
the pulse amplitude at the discharge of the capacitor C. This signal falls on a gate, which transmits the signals 
of the fixed-frequency generator during a time interval equal to the duration of the rectangular signal coming 
from the Schmitt trigger, The pulses of the fixed-frequency generator which pass through the gate circuit are 
counted by the counting equipment PS-10000, Moreover, the circuit is provided with a counter which counts 
the number of current pulses arriving at the integrator, The parameters of the pulses are the following: shape 
rectangular, duration 54sec, current pulse 100-120 ma, dose up to 10% ev/ml « sec (at an energy of 0.9 Mev). 
The variation of the pulse radiation doses was achieved by varying the heating of the cathode, 


| 
16 
2 22 M-ohm 
MN 
Z2M-ohm | 20 38 
22 M-ohm& YY HWY 
< 2 M <ghm ) 
i 80 H Ist 
z 40 
: 138 


TABLE 1 


Dose, ev/ml + 
*sec /100 ev 


Dose, ev/ml G(Fe*" ),ions/ 
* sec /100 ev 


10% 15,0-15,14 
£1.6° 
8+ 10% 14,241.5 
11 107 13,44 0.6 
2.7 10% 11,7+1.0 


Fig. 2, Scheme of the experimental determina - 
tion of G(Fe®'). 1) glass vessel with a membrane, 
2) beryllium entrance window of the accelerating 
tube, 3) rolling-shutter and connections to the 
pulse circuit, 4) phase-inverting amplifier, 5) 
Schmitt trigger, 6) gate circuit, 7) fixed frequen- 
cy generator, 8) counting circuit, 9) mechanical 
pulse counter, 10) counting equipment PS~-10000, 


*G(Fe**) at this dose has been determined by us previously [3]. 


4.7 10 10.84 0.9 
1.6 10% 10.34 0.5 
1.5 ° 10% 10.14 0,5 


Twice-distilled water was used for the determina- 
tion of G(Fe*’ ); the reagents were of high purity. A 
3 * 10° M solution of Mohr's salt in 0.8N H,SO, without 
and with an addition of 10-* M NaCl was exposed to the 
radiation, Trivalent iron was determined spectrophoto= 
metrically, The molar extinction coefficient of Fe in 
0.8 N H,SO, at 304 mp was taken equal to 2170 (at 24°) 
(5]. In the calculations the variation of the extinction 
coefficient with temperature (0.7% per degree) was 
taken into account, The solutions were irradiated in 
a glass vessel provided with a glass membrane (the 
thickness of the membrane was about 100, ). 


In Fig. 2 is shown the scheme of the experimental 
determination of G(Fe® M at various doses, The amount 
of energy absorbed by the ferrosulfate solution was de~- 
termined by measuring the electron current in the solu- 
tion by means of the platinum sonde sealed to the ves- 
sel and of the integrator and the counting equipment 
described above, An accurate estimate of the energy 
lost by the electron ray when passing through the mem- 
brane of the vessel was obtained in the way described in 
[3]. The magnitude and the shape of the pulses were 
also checked on an oscillograph, 


The values of G(Fe*") determined by us at high doses are given in Table 1, Each value of G(Fe*’) is an 
average of 8-20 measurements, The solutions were irradiated by 1-10 electron pulses (with an energy of 0.9 Mev), 


according to the dose required, 


As is shown by the data in Fig. 1, above a dose of ~10" ey/ml - sec the value of G(Fe®’) decreases con- 
siderably when the dose is increased, The value G(Fe*") = 14,3 ions/100 ev at a dose of ~5 + 10% ev/ml - sec 
given in [2] apparently is somewhat too high (as was mentioned above, this may be a consequence of the higher 
background currents), Therefore, upon executing a chemical dosimetry by means of a dosimetric system with 
ferrosulfate, one must take into account that the value of G(Fe") considerably decreases at high doses, 


At present it is generally accepted that, in consequence of the extremely low concentration of bivalent 
fron in the dosimetric system and of the high radiation stability of sulfuric acid, the direct interaction of the 


irradiation with the dissolved substance is negligibly low and, therefore, the oxidation of Fe*" is brought about 
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by the radiolysis products of water, These products react in the following way with bivalent iron and with the 
molecular oxygen present in the solution: 


Fe®+ + OH + (1) 

H + HOsz, (2) 

H,O, + Fe®+ Fe** + OH 4-OH™, (3) 
H* +- Fe®+ -- HO, Fe*™ +- (4) 


Hence, G(Fe® 3G + Gon +26, 


where G,,,G,,, and G are the yields of the corresponding 
H 
radiolysis products of water, 


At higher doses the recombination probability of the H and OHradicals formed at the radiolysis of water 
increases as a result of the fact that the tracks of the ionizing particles overlap: H + H~> Hy H + OH ~ H,0; 


OH + OH ~H,O,, This must lead to an increase of Gi ae Gy 0 and to a decrease of G;, andGo,, and, 
therefore, to a decrease of G(Fe* 


The results of this study show that G(Fe®") begins to decrease at doses above ~10" ev/ml «sec. In this 
connection it may be supposed that in aqueous solutions at such high doses the effects caused by the overlapping 
of the tracks of the ionizing particles become perceptible, 


The possibility that high doses have an influence on reaction (2) is not excluded. However, to solve this 
problem and also to estimate qualitatively, the decrease of Gy; and Gop further investigations are needed, 
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The rate of oxidation as a chain process depends upon the rate of formation of free radicals, In a reaction 
which has already been initiated, the formation of free radicals takes place mainly at the expense of intermediate 
molecular products, in particular, hydrogen peroxide, The chain~initiation rate in the initial instant for an oxida~- 
tion reaction is tens or even hundreds of times less than in an oxidation reaction in progress, and its order of mag- 


nitude is 10-°-10 mole/ liter - sec. The initial chain~initiation rate determines the duration of the induction 
period, 


At the beginning of the reaction, if no inducing agent is present, chain initiation can take place only at 
the expense of the initial substance RH and of the dissolved oxygen, Free radicals can, in principle, result from 


a slow dissociation of the starting substance at the weakest bonds, say, C-C bonds, whose dissociation ener gy is 
60-80 kcal/mole, The free-radical formation rate at the expense of the dissociation of a substance with a 
substance with a bond energy of 60 kcal/mole is 10™* mole/ liter « sec (t = 140°, [RH] = 10 mole/ liter), which 
is very low. With rare exceptions, the dissociation of the starting substance cannot provide an effective source 
of free radicals in oxidation reactions, 


The bimolecular reaction between RH and O, 
RH -| O, > + HO,- (1) 


is generally considered at present as the source of free radicals in the initial stage of a thermal oxidation [1]. 
If this is actually so, the reaction RH + O, must ensure such free-radical formation rates as are observed experi- 
mentally, The values of Wy determined by the inhibition method [2] are known for a number of substances 
(Table 1), 


Let us evaluate the chain-initiation rate according to reaction (1),and let us compare it with the experi~- 
mental values, The heat absorbed in reaction (1) is q = = 47 kcal/ mole [1] and 


= kcal/mole, The activation energy E=q,+€ q,, since is apparently not large, The 


steric factor for bimolecular reactions in the liquid phase is of the order of 10-°- 10°, Let us take in our com- 
putations a steric factor of 10°, ‘The rate constant of reaction (1) is then equal to 104.107 exp (-q/ RT) = 

= 10° exp (-q,/RT) liter/mole * sec, and the radical-formation rate in this reaction will be equal to Wy = 2+ 10° 
exp (~q,/RT) [RH] [02] mole/ liter + sec. In order to calculate the rate, one must know the stability of the 
bond to be broken Qp-y! [O,] and [RH]. 


In the case of benzaldehyde the energy of the C—H bond in the formyl group represents 78 kcal/mole 
[7], [RH] = 2 mole/ liter, [0] = 4° 107% mole/ liter, t = 5°, q, = 78-47 = 31 kcal/mole, Wo = 2° 10° exp 
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(-31 000/RT) + 2+ 4+ = 10 mole/liter + sec, For decyl aldehyde can be assumed to be the same 

as in acetaldehyde, where Qe-H = 80 kcal/mole [7], [RH] = 5, [02] = 4+10™, t = 5°, q = 80-47 = 33 kcal/ 
/mole, Wg 6+ 10™ mole/liter - sec. In cyclohexane the energy of a C—H bond can be taken as 88 kcal/mole, 
and the steric factor 10~*, since 12 C—H bonds can participate in the reaction, [RH] = 10, [O,] = 10“, t = 140°, 
= 88-47 = 41 kcal/mole, Wy =5° mole/liter sec, In n-decane Qr-H = 89 kéal/ mole, [RH] = 5, [O,] = 
=107, 1 = 130°, q = 89-47 = 42 kcal/mole, The steric factor can be taken as equal to 10™ as in the case of 
cyclohexane, Wy = 2+ 107 mole/liter + sec. The energy of an a C—H bond in tetralin can be assumed to be 
the same as in ethylbenzene [8], Qpepy = 75 kcal/mole , [RH] = 7, [O,] = 107, t= 110°, q, = 75-47 = 28 kcal/ 
/mole, Wo= 2+ 107" mole/ liter + sec. In cyclohexanol 85, Wy = 2 10™ mole/ liter * sec, 


The above values of Wy must be considered as tentative ones, It must also be noted that the calculations 
were made purposely with the minimum values of E ( € = 0) and reasonable maximum values of the steric fac- 
tor f,. Therefore reasonable maximum values of Wy have been obtained; these were nonetheless lower by 5-10 
orders of magnitude than the experimental values of Wy. Such an enormous difference between experiment and 
calculation cannot be traced back to errors in the evaluation of E and fy; it indicates that in the starting system 
RH + O, there is another much more powerful source of free radicals, 


TABLE 1 
Chain~Initiation Rates in Liquid-Phase Oxidation Reactions 


Wo. M/ 
Substance /liter-sec | Ep, kcal/mole |Reference 


Benzaldehyde 11,641,5 
Decanal : 15,6+-1 
Cyclohexane 

n-Decane 
Tetralin 
Cyclohexanol 33,51,5 


Such a source of free radicals can be provided by the termolecular reaction between the starting substance 
and oxygen 


RH + O, + HR— Re + H,O, + Re — qo. (2) 


The quantity AH deserves a special discussion, Strictly speaking, one must consider the formation of 
Y y 8 


hydrogen peroxide in the given solvent RH, where the enthalpy of formation of hydrogen peroxide is given by 
AH; 202 (gas) + AH...) + Since the heat of solution of hydrogen peroxide in organic solvents is not known, one 


can consider in first approximation the heat of formation of liquid hydrogen peroxide - AHy; ,02(liq)™ 45 keal/ 


/mole, q3= 2 (Qpen ~ 72) kcal/mole, It is not difficult to ascertain that reaction (2) is energetically much 


more favorable than reaction (1), For instance, for Q = 90 kcal/mole, q, = 43 kcal/mole, and q, = 36 kcal/mole 
for Q = 80 kcal/mole, q, = 33 kcal/mole, q, = 16 kcal/mole, 


Termolecular collisions in the liquid phase are practically as frequent as the bimolecular ones; the ratio 
10%. (RH [0 10 
of the number of bimolecular collisions to termolecular collisions is Sp ee —_; for =2 
moleAiter it is equal to 5, and it is equal to 1 when [RH] = 10 mole/liter. The fact that reaction (2) is ener- 
getically favored and the high frequency of termolecular collisions in the liquid phase lead to the conclusion 
that the rate of reaction (2) should be, as a rule, much higher than that of reaction (1), 


Let us compare the rates of the termolecular reaction with the values of Wy obtained from experiment. 


(*) 
(*) 
(°) 
(*) 
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TABLE 2 


Comparison of Observed and Calculated Values of Wy (mole /liter, sec). 


Wo accordin Wo accordin: 
to Teaction to reaction. ( 
Benzaldehyde . 10-18 8-10-7 
Decanal . 6.10-20 4-10-° 
Cyclohexane . 5-10-18 10-° 
n-Decane 3. 2-10-35 8-10-18 
Cyclohexanol 2-107" 3-10-% 


Let us compare the rates of the termolecular reaction with the values of W, obtained from experiment. 
The activation energy E=q,+ € *q,. The steric factor for the termolecular reaction will be smaller than 
for the bimolecular one, As is well known, the steric factor expresses the probability that in energy-rich collid- 
ing molecules a part of their energy (larger than E) be localized on the bonds being broken in an elementary 
collision, A simultaneous localization of the energy of two C-H bonds of two molecules of RH colliding with 
O, appears to be a complex event, Its probability will therefore be the product of the probabilities for the local- 
ization of energy on each of the reacting C-H bonds, Therefore, in first approximation, one can take f, = f, - 
+ f, = f2, Since we have chosen f, = 10°, f, = 10° (and 10™ for decane and cyclohexane), The rate of the ter- 
molecular reaction is Wy = fy * 2 - 10° exp (-E,/RT) [RH}[O,]. The quantities [RH] and t_ are the 


same as before, The calculated values of Wy are compared in Table 2 with the observed ones and those calcu- 
lated according to reaction (1). 


An examination of Table 2 shows that the values of Wy obtained according to the reaction 2RH + O, do 
not differ very much from the experimental values (in general by 1-2 orders of magnitude, and only in the case 
of decane by 5 orders), In addition, it must be noted that the values of Wy calculated for reaction (2) are ex- 
tremely sensitive to deviations of the values of Qp_}, and f, used by us from the true ones, An error in Qa-H 


of 2 kcal/mole leads to an error in E of 4 kcal/mole and to an error in Wy of 2 orders of magnitude. The range 
of f, lies between 10° and 10", Therefore, the approximate nature of the computations allows us to consider 
a difference of 1-2 orders of magnitude between observed and calculated values as a good agreement. It is ap- 
propriate also to call attention to the fact that the values of Wy calculated according to reaction (2) are in some 
cases (benzaldehyde ) larger, in some cases smaller, than the observed ones, Moreover, reaction (2) gives values 
of E practically identical to the experimental ones for benzaldehyde and decanal. 


The kinetic data indicating a proportionality between the initial reaction rate and [RH]* [6,9] are in agree- 
ment with a termolecular mechanism of chain initiation, The oxidation rate, as is well known, is Vy = k- 
-[RH][RO,*]; for a quadratic breaking off of the chains [RO,.) ~ Wy? and, according to reaction (2) Wy ~ [RHF, 
consequently Vy ~ [RH]*. In some cases a dependence Vp ~ (RH)? is observed, which at first sight would sup- 
port reaction (1), However, just this type of dependence would be observed if the chain were initiated by an im- 
purity of the starting material (say, a peroxide) dissociating into free radicals, 


We shall summarize the preceding considerations by noting that the termolecular reaction 2RH + O, sug- 
gested in the present paper agrees well with the available experimental data, These are all grounds to conclude 
that just this reaction, and not the reaction RH + O, is the main source of free radicals in the initial stage of 
liquid-phase oxidation, It is very probable that in the case of substances with very weak C—H bonds (aldehydes, 
1,4-dienes, 1,3-diphenylalkanes) this reactions remains the main source of free radicals even when oxidation is 


in progress, successfully competing at not high temperatures with the formation of free radicals at the expense 
of peroxides, 
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Drying is a complicated process, not only thermotechnically, but also from a physicochemical standpoint, 
the regularities of which depend in the first instance on differences in bond form, and in the state of the absorbed 
water in the material, The influence of the nature of the bonding of the water on the course of drying is most 
clearly shown in curves showing the kinetics of drying [1-4]~- the so-called drying thermograms, giving the 
time change of the temperature on drying thin films (1-2 mm) of moist substances; and in drying curves ~ 
curves depicting the loss of weight of the same materials, 


Figure 1 gives some typical kinetic drying curves for different groups of substances, The thermogram curves 
were obtained with the automatic recording apparatus [5], and plotted values of the temperature difference, A 0, 
of the substance being dried, at a constant temperature of the surrounding air, while the drying curves recorded 
the quantity W of water contained in the material, 


Before the experiments, the samples were moistened with water to full saturation point, Under such condi- 
tions there was always present under the surface of the samples a thin layer of the free liquid, Therefore the 
drying of the samples always commenced with the removal by evaporation of this excess of water, so that all the 
thermograms commenced with an upper horizontal portion, terminating in the singular point 1, which corres~- 
ponded to complete evaporation of the free liquid, 


By projecting the singular points of the thermograms onto the corresponding drying curves, the amount of 
moisture in the substance being dried at any of the singular points may be determined (see Table 1), In Table 1 
are produced comparative values of the moisture content of the same substances obtained by us by other methods 
as well as the present one, and also borrowed from other published sources [6,7]. 


The drying thermogram of quartz sand (1a in Fig. 1) is, as to its form and the position on it of the singular 
points, typical of the drying of coarse-pored bodies, the course of which is due to the evaporation of capillary 
moisture from pores whose radius exceeds 10% cm. We have shown formerly [2] that the moisture content of 
coarsely dispersed substances at the first singular point corresponds to its maximum moisture capacity (the satura- 
tion moisture content); that at the second point represents the beginning of the evaporation of “junction” water — 
that is, the water present at the points of contact of the separate grains of the sand, while that at the third point 
corresponds to the initiation of evaporation of “junction” water when the curvature of the meniscus of the aqueous 
surface is smaller than 10> cm, 
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TABLE 1 


Differential Water Content from the Weight of the Dry Substance at 20-25°, as Determined 
by Various Methods (in percentages) 


Content of Maximum quantity of ad- Wo aqsorhed 
cular layer 


Body in which 
water is contained 


from adsorp- 


Silica gel MSM 
Silica gel KSM 
Silica gel VKhK.2 
Silica gel E 
Aative carbon 


Zhabin bentonite 
Pyzhev bentonite 
Pobiyankov bentonite 
Gorb bentonite 
Chasov-yar clay 
Poltav clay 


- 


Chernoz 
Chernozem thic 


Dernov weak podzolic 


Potato starch (native) 
Gelatin 


Agar 
Suiphite cellulose 


* Thermogram at 43,6°, 
**Thermogram at 42°, 


Thermogram 1b is typical of the drying of fine colloidal, capillary and quasicapillary-pored material, 
with a well-developed fine~pored structure. In our experiments, materials of this kind included clays of var- 
ious minerals, soils of different types, starch, flour, egg powder, gelatin, agar agar, hide, cellulose, and others, 
The drying thermograms of colloidal materials [ 3,4] consist of a horizontal portion, defined by points 1 to 3, 
corresponding to the time required for the evaporation of osmotic water, and a lower portion of the curve, S~ 
shaped, corresponding to the removal of hygroscopic water from the materials, The singular points 4 and 5 divide 
the lower part of the thermogram into three parts, corresponding to the times required for successive stages of 
drying from the material of water present in three forms; water in a capillary condensed form in micropores 
of radius less than 10 cm (line bounded by points 3 and 4); water polymolecularly adsorbed (points 4 and 5); 
and, finally, water more strongly bonded to the surface in a unimolecularly adsorbed condition, 


Thermogram Ic is typical of the isothermal drying of polycapillary pored substances, having a mixed 
macro~ and micro~porous structure, In our experiments we took as examples of such systems thin layers of pow- 
dered silica gels and active carbon of various structural types [8], moistened by water or methyl alcohol. The 
thermogram is divided into two parts by the singular point 3, corresponding to the maximum hygroscopic mois- 
ture in the substance; we call these the upper and lower portions, The upper portion of this thermogram, judging 
by its form and the position of the singular points, is identical with the drying thermogram of coarse-pored 
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Adsorbents 
| 32,6| 31,8 — — |14,4{ 7,2 | 8,3 
33,5| 32,5 17,6] — — 8,1 | 8,9 
83,6| 87,0] — — | 2,6 | 3,0 
170,0|172,0 |10,0| — — | 9,8] 3,4 | 3,0 
37,8| 39,6 | 3,6) — 
Clays 
41,4) 42,5] — | 22,7 sien 9 14,9 
28,8] 31,4| — | 20,14 | 20,7 14,0 
30,4| 31,5 | — | 21,0 14,5 
16,0| 14,8 | — |5,4—7,0| 7,14 16 3,5 
17,11 18,0| — 6,0 6.8 | 7 3,8 
Sotls 
13,5] 43,0 | 7,5 8,4—10,0) 9,1] 8,0 5,0 
8,9| 10,7] 5,0| — |7,3-7,5] 5,4] 5,8] — | 3,8 | 
6,8| 3,4| — |5,8-6,4| 4,5] 5,2] — | 2,8 
| (6.0) 7,0) 2,6) — 3,5) 3,3] — | 2,6 
Polymers 
92,4| 83,09 — | — — | — — | 29,7 
30,2! 35,4] — | 47,5 — |16,0| — | 43,4 


IV and VI), for thin samples moistened with 


ture content; AO = temperature; t = time, 


Moist con-| Hygroscopic con-| 
dition of “al ditfon of the sub- 
substance stance 


Fig. 2, Diagram of the kinetics of successive 
evaporation of the moisture on drying thin, 
capillary-pored materials of various kinds. I) 
thermogram; II) drying curve, The forms of 
water bonding are; a) osmotic moisture of 
colloidal materials, or moisture in a capillary 
state in the pores; b) "junction" moisture of . 
the pores; c) capillary moisture in the micro- 
pores; d) polymolecularly adsorbed moisture; 
e) unimolecularly adsorbed moisture. For a 
and b, radius exceeds 10 * cm; for c, radius 
is less than 10 °cm. 


*See Fig. 1, c. 


Fig. 1. Curves of the kinetics of drying. Drying 
thermograms (I, III and V) and drying curves (II, 


water, 1a) Coarse-pored; 1b) Capillary-pored; 
lc) Polycapillary-pored substance, W = mois~ 


substances; it has to do with the times of successive drying 
of capillary moisture, varying according to the state of 
this moisture in the coarse pores of the intergranular space 
of the powders, The lower portion of this thermogram 
also has an S-shaped structure, of the same form as is found 
in the drying thermograms of fine-pored colloidal sub- 
stances, With respect to the moisture content of the sub- 
stance, each portion of this lower part of the thermogram 
corresponds to the times of the successive evaporation of 
hygroscopic moisture [2], varying in its form and position 
with the nature of the binding of moisture with the sub- 
stance (see Table 1), 


Thus, from three drying thermograms, typical of 
various groups of porous materials, it appears that the 
thermogram corresponding to polycapillary substances is 

very common, since here the drying thermograms of coarse - 
pored and of colloidal substances enter in as constituent 
parts of a single curve.” {t follows therefore that the iso- 
thermal drying thermograms of thin specimens of capillary- 
pored materials of various colloido-physical nature should 

be regarded as individual cases of the same type of drying 
thermogram: that for polycapillary~pored substances, from 
which the separate sections can be identified, Disappearance 
of one portion or other of this composite curve is therefore 

to be understood as meaning the absence of the correspond- 
ing form of bonding. The general appearance of the iso- 
thermal drying thermograms of any substance, and the 
number of parts making up its structure, depend only on 

the relative water-absorbing power of the given substance 

in connection with the various types of moisture bonding. 


On the basis of the ideas depicted in Fig. 2, we have 
devised a scheme of the kinetics of the drying of thin 
materials, depicting graphically the general laws of the 
kinetics of the successive removal from materials of mois- 
ture of various forms and types of bonding with the sub- 
stance, By the scheme the possibility is envisaged of the 
removal from the material of water of two basic forms of 
bonding: physicochemical and physicomechanical,sub~ 
divided by the singular points of the thermogram into six 
types, To the physicomechanically bound type of moisture 
there are assigned the three types of capillary moisture, 
two of which represent capillary water differing in their 
peculiarities of structure (capillary and "junction") in the 
coarse pores of the material, and the third represents the 
capillary moisture of the micropores, But the water with 
a physicochemical form of bonding may consist of osmotic 
water and two kinds of adsorbed moisture; the latter includ- 
ing moisture in polymolecular and in unimolecular layers, 
or loosely and firmly bound moisture, 


Since drying is a thermoenergetic process in which 
the sequence of evaporations of moisture is determined by 


the degree of intensiveness of its bonding with the substance, 
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then the proposed scheme may also be considered as a scheme for the classification of moisture liberated on dry- 
ing, according to the different forms and types of bonding which it has with the substance, It must, of course, be 
borne in mind in this connection that the energetic bonding of water with the substance can be considered to be 
real only in those cases of water bound by adsorptive forces. The bonding of water of all the remaining kinds, 
however, can only be thought of as equivalent to a bond energy represented by the energy of isothermal liberation 
of it on drying [9]. 


The classification of moisture, based on the regularities of the kinetics of drying, is not only not in opposi- 
tion to the rational scheme of classification of moisture according to form and nature of bonding with the substance 
which has been proposed by P. A. Rebinder [9], but on the contrary, makes it more precise because of the further 
detailed subdivision of the different types of bonding. 


The scheme in Fig. 2 presents an essentially new thermographic method of quantitative analysis of the mois~- 
ture in absorbing materials on the basis of its form and nature of its bond with the material, The experimental 
side of the application of the new method has been carried out by means of simultaneous recording, by means of 
an automatic recording apparatus providing drying thermograms and drying curves for thin specimens of the sub- 
stances being investigated, According to the shape of the thermograms obtained it may at one stroke be deter~ 
mined to which of the groups of differential water-absorbing possibilities the given substance must be assigned, 

For quantitative analysis it is necessary by means of the drying curves to determine the moistness of the material 
corresponding to each of the singular points of the thermogram, and in harmony with the general scheme shown 
in Fig, 2 to determine the quantity of moisture of the different forms and types of bonding in the given substance. 


As can be seen from Table 1, the results of the analysis of the differential water-absorbing properties of 
various substances by means of the kinetic curves of drying lie within the limits of magnitude determined by 
other laboratory methods, The accuracy of the moisture determination in any particular type of bonding by the 
thermographic method depends on the precision with which the drying curves are recorded, In our experiments 
the thermograms have been recorded with an accuracy of one hundredth of a degree, and the drying curves with 
an accuracy of one tenth per cent of the moisture in the substance, Therefore the error in the determination can- 
not be greater than 1-2 %, 


The new kinetic method of analysis of the form and nature of the bonding of moisture with the substance 
is specially distinguished by this; that it leads to the determination of the water-retaining capacity in relation- 
ship to all the possible forms and natures of bonding of the water, in one and the same experiment and in the 
course of a short time (only a few hours), 
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AN EXAMPLE OF A HOMOGENEOUS EXTENSION 
TO AN HETEROGENEOUS CATALYTIC REACTION 
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(Presented by Academician P, A. Rebinder, October 21, 1959) 


(Translation of; Doklady Akademii Nauk SSSR, Vol, 130, No.5, 
1960, pp. 1063-1066) 


Original article submitted October 8, 1959. 


The decomposition of hydrazine is a good example of an exothermic reaction which proceeds readily over 
a series of catalysts at low temperatures and has a small activation energy. We have already investigated [1] the 
decomposition of hydrazine over several catalysts; metals (Pt, pure Fe, and Fe activated with a base), semi- 
conductors (Ge, GaAs, GagSes, GagTes, GaAs * GagSes, 3GaAs GaySes, and V,Og), salts (CuBr), acids (alumino- 
silicate and quartz), and bases (CaO). We suggested a free-radical chain mechanism for the decomposition of 
hydrazine on metals and semiconductors, On the basis of preliminary thermochemical calculations, similar to 
those done by N. N. Semenov [2] and V. V. Voevodskii [3], we proposed the hypothesis [1] that the N—N bond 
in hydrazine is cleaved on the catalyst surface: 


NaH, NH, —L + (NHa*) (1) 


Our notation is similar to that of Semenov and Voevodskii; L is a free radical on the catalyst surface; 
(A.)gq, 18 4 radical formed in one of the catalytic reactions steps, such as (NHz)aqg» and only weakly bound to 
the surface; A-L, for example NHL, are particles which have formed a stable (electron pair ) bond with the 
catalyst, Reaction (1) is followed by the following surface chain reaction: 


NoH, + (NHa-) a, — NHs (NsHs3-) ads 
(NoHs- hag NoH, 2NHg3 Ne has: 
+ Nally gg -+ 


When very little of free surface remains the following free-radical reactions are possible: 


NH, —L + (NHa2- — NaH, L, 
NH2— L + NH3-+ L, 

NHq-—L + (NaH), + Na Ha +L. 

On acidic or basic catalysis the reaction proceeds by an ionic or molecular [4] mechanism, 


The following facts provide indirect evidences that the decomposition of hydrazine is a chain reaction: 
a) very large frequency factors in the Arrhenius equation; b) the existence of charged species on the surface, 
detected by the change in the electron work-function during the reaction (up to 0.2 v); c) an induction period 
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observed in several cases; d) large stoichiometric coefficients when hydrazine is decomposed on semiconductors 
and metals, indicating a multistage reaction, To obtain a more direct proof for the chain mechanism we could 
check the possibility of having the reaction escape into the gas phase at temperatures at which the radicals 
(NH q*),(NgHs*), and(H + ) can not be retained on the surface by the adsorption forces. The escape into the gas 
phase was verified by using the Bogoyavlenskaya —Koval'skii fractional calorimetric method (5). The reaction 
was carried out in a molybdenum~glass vessel of the type used by Butyagin and Margolis [6]. A differential ther- 
mocouple was introduced into the reactor, One thermocouple junction was inserted into the catalyst, the other 
into the gas phase, The galvanometer sensitivity was such that a single division corresponded to a 0,05° temper- 
ature difference between the two differential thermocouple leads, By means of a Strelkov thermoregulator the 
temperature was kept constant to + 0,01°C, Since hydrazine has a low vapor pressure at room temperature the 
reactions were carried out at low initial N,Hy pressures (1-8 mm). 


Fig. 1. Changes in the relative temperature of the catalyst 
during the decomposition of hydrazine on iron; 1) at 120°; 
2) at 230°, 


Fig. 2. Changes in the relative temperature of the catalyst during the 
decomposition of hydrazine on an ammonium catalyst KATZ~55 (2.73 
FeOs; 3.94 Al,Og; 1.82 K,0; red, H,: 1) at 175°; 2) at 250°, 


We have presented several typical curves (which were obtained by plotting the galvanometer readings) for 
some of our catalysts. We studied the following catalysts: iron, ammonium catalyst KATZ~55 (iron activated 
with a base) ZnO, 3GaAs * Ga,Ses, CaO, and the aluminosilicate catalyst used in cracking, When an inert gas 
( krypton) was let into the vessel containing the catalyst we observed: a) a short initial cooling of the central 
thermocouple junction located outside the catalyst, b) a subsequent decrease in the temperature difference At 
caused by the conduction of heat by the gas. When hydrazine vapor was introduced the initial temperature dif- 
ference became even greater since as the central junction temperature dropped due to the flow of a cool gas the 
temperature of the junction inside the catalyst was increased by the heat of adsorption or of the ensuing surface 
reaction, After the initial spurt the subsequent changes in At varied from catalyst to catalyst. 


In Fig. 1 we have plotted the temperature differences for the decomposition of NgH, on pure iron (prepared 
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Fig. 3, The decomposition of hydrazine on aluminosilicate at 240°C: 
1) kinetic curve; 2) relative temperature curve, 


by reducing FesO, and containing 0,2% Al,) at an initial hydrazine pressure of 7 mm. The initial sharp de- 
flection of the galvanometer needle in the negative direction (cooling of the central junction) occurred within 
5-10 sec and therefore it does not show on the scale used in Fig.1. This was followed by an increase in the 
relative temperature of the central junction and a gradual leveling of the temperature difference, We can see 
no other way of explaining the relative temperature rise on the central junction except by assuming that the 
decomposition of NH, continues in the gas phase, since any other effects, such as cooling on introduction, un- 
even temperature distribution in the reactor, and catalyst heating caused by the heat of adsorption and the sur- 
face reaction, would tend to displace At in the opposite direction, The subsequent decrease in At results from 
a decreased reaction rate and an equalizationof the catalyst and the gas-phase temperatures, Figure 1 shows 
that a higher temperatures (230°) the effect is much more pronounced, 


No such behavior was observed (see Fig. 2) when the reaction was carried out on an ammonium catalyst 
KATZ~-55 (iron activated with a base), Though the catalyst became initially hot due to the adsorption and sur- 
face reaction, from then on the absolute value of | At | continually declined due to a reduced reaction rate and 
temperature equalization, Let us recall [1] that the decomposition of hydrazine proceeds in a different manner 


on the two catalysts: on pure iron the reaction is 3NjH, Ng + 4NHg, while on base~activated iron 2N,H,-> N,+ 
+H, 2NHs. 


On a basic catalyst, CaO, no extention into the gas phase was detected, and the decomposition proceeded 
according to the reaction; NH, + 


In Fig. 3 we have plotted the kinetic curve and the temperature-difference curve for the decomposition of 
NzH, on an aluminosilicate cracking catalyst (the initial NJH, vapor pressure was 5 mm). We observed a very 


sharp increase in the catalyst temperature (caused by the adsorption of hydrazine) followed by a steady decline 
of | At | to a certain constant value, 


The experimental results on semiconductors were similar to those obtained on iron, In Fig. 4 we have 
plotted the At-curves for the decomposition of hydrazine on 3GaAs + Ga,Se, (hydrazine pressure 8 mm, tempera- 
ture 175°) and on zinc oxide (3 mm and 290°), At lower temperatures(145° on 3GaAs * Ga,Se, and 240° on ZnO) 
At did not increase after the initial drop, Evidently the gas-phase reaction step is absent at lower temperatures, 
Figure 4 shows that At increases very little on these catalysts after the initial decline, and in the case of zinc 
oxide the curve does not even intersect the abscissa.A fter several successive reactions were carried out even the 
slight increase disappeared entirely and the over~all reaction rate decreased appreciably. | 
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Fig. 4. Decomposition of hydrazine on semiconductors; 1) and 2) 
on ZnO at 290°, with 1) the kinetic curve and@) the relative tem- 
perature; 3) on 3GaAs * GagSe, at 100° (relative temperature), 


Our results provide ample evidence for the previously postulated [1] free-radical chain-reaction mechanism 
for the decomposition of hydrazine on metallic and semiconducting catalysts. While on the investigated redox- 
type catalysts, metals and semiconductors (with the exception of base~activated iron), the surface reaction was 
extended into the gas phase, no such extension was observed on acid-base type catalysts (CaO and aluminosilicate), 
In the opinion of this author the gas-phase extension to a heterogeneous reaction may be taken as a possible cri- 
terion on which the assignment of catalytic reactions to the redox (as opposed to the acid-base) type may be 
based, 


The author wishes to express his gratitude to Corresponding Member Acad, Sci. USSR S. Z. Roginskii for 
his valuable advice and to M. Ya. Kushnerev for his friendly assistance in the experimental work, 


LITERATURE CITED 


(1) O. V. Krylov, V. M. Frolov, E. A. Fokina, and Yu, N. Rufov, The 8th Mendeleev Conference on Pure 
and Applied Chemistry, Coll, Physical Chemistry (1959) p, 172, 


{2] N.N. Semenov, Some Problems in Chemical Kinetics and Reactivity (Izd. AN SSSR, 1954), 


[3] V. V. Voevodskii, Problemy K inetiki i Kataliza 8, 97 (1955), 

[4] M. Szwarc, Proc, Roy. Soc, A198, 267 (1949), 

[5] M. L, Bogoyavienskaya and A. A. Koval’skii, Zhur, Fiz, Khim, 20, 1325 (1946), 
(6] P. Yu, Butyagin and L. Ya, Margolis, Doklady Akad, Nauk SSSR 66, 405 (1949). 


mm 
0 

0 

“th 

1 
152 


LIGHT ABSORPTION AND LUMINESCENCE OF COMPLEX MOLECULES 


S. I. Kubarev 
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(Translation of: Doklady Akademii Nauk, Vol, 130, No.5 
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There are still several incompletely solved theoretical problems in the field of long-wave electron spectra, 
Among things still requiring explanation are; the origin of the continuous bond spectra, their unavoidable pre- 
sence (observed as early as 1922 by S. I. Vavilov [1]), their dependence on themperature andon A excit. (2), 
and the mirror-symmetry problem [ 2, 3]. 


In the present communication we will show that all these problems can be attacked from a single point if 
one assumes that the adiabatic approximation is applicable to these systems. Such an approximation can be eas- 
ily justified in cases where the molecules have discrete infrared spectra and the long-wave band is isolated from 
the rest of the spectrum [4]. According to Lax [5] the adiabatic approximation will give us the following Fourier 
representations for the spectral absorption and emission densities: 


Sp| Mtexp Mexp (- ft.) exp (— | 
Sp lexp (— 


sp|_M exp fi.) M* exp(— e| 
lemif?) Sp (p) 


Taps (4) = 


where p_ is the distribution function in the excited state.” The general nature of these equations makes them 
suitable for various approximate calculations, such as the determination of bondshapes and their temperature 
dependence, and others, To do this it is enough to make just an approximate separation of the operators used in 


Eq. (1), Together with the criterion of applicability the given expression has a previous quantum mechanical 
basis, 


1, Until very recently (see, for example, [2], p. 173) bands in the electron spectra of various molecules 
(classified according to the type of mirror symmetry) were considered to have different origins; at the present 
time this view has been discarded, The difference between the modulation and extinction spectra (as they are 
now called) is more terminological than actual, since both are covered by the adiabatic approximation, In a 
strict sence, the actual meaning of extinction spectra involves a consideration of the nonadiabatic nature of the 


A 
*In examing the luminescence we assume that p isreal, For solutions with a dense gas phase p = exp (~ BH)). 
This explains why the luminescence band is independent of A exett, Occasionally it is assumed that p = p(T") 
[6], where T* is different from the surrounding temperature, ‘One can suppose that the dependence on A 


excit. 
resides entirely in p. 
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system since in the adiabatic approximation no relaxation of electronic levels is possible, If the above-men-~ 
tioned relaxation were pronounced, a low quantum yield of luminescence would be expected, which most ex- 
periments have failed to show. 


A possible explanation for the origin of continuous bands was previously proposed [11] by us in a rather 
qualitative way, The applicability criterion of the semiclassical adiabatic approximation requires that the 
Wj, functions of the system be small, and depends on changes in the slow subsystem operators, To get a qualita- 
tive idea let us examine a simple case; M is constant and Ha, and Hb are the oscillator Hamiltonians, where 


Hg = + The results of Lax [5] indicate that a semiclassical treatment is applicable only to those 
oscillators for which either 


Cj~1, nS. (3) 


By taking, for example, w= 10" sec, po 107g, and assuming that the equilibrium distances in the 
ground and excited electronic states are displaced by about 5x 10” cm, we will find that GC? 10, or in other 
words, that the semiclassical treatment is quite applicable provided the temperatures are not too low. 


A semiclassical analysis of the degrees of freedom satisfying conditions (2) and (3) when the light is ab- 
sorbed or emitted by a fast subsystem shows that each line in the band will be diffused to the extent given by 
the sum of the second moments of the semiclassical oscillators; 


i(semiclass) 


The diffusion may extend over several hundreds of wave numbers, In complex molecules, where the fre- 
quencies are rather closely spaced, this will result in a continuous spectrum, If we allow for the fact that M is 
not constant and that the operators H 2 and H, represent anharmonic oscillators, we will complicate things by 
introducing additional configuration effects into the semiclassical degrees of freedom. 


The proposed explanation for the origin of the band spectrum certainly is not the only possible one, Let 
us point out another possibility, It is usually assumed (see, for example, [2], chap, 2) that great anharmonicity 
gives rise to a strong interaction between vibrations, However, if we recall that the optically active electrons 
are localized on a finite number of bonds, then the effects of peripheral" molecular sections can be included 
in the linear approximation to the coordinates of these sections, This observation seems to be very important as 
a basis for the oscillator approximation to the complex molecules, Since the number of “peripheral® groups in 
a complex molecule may be very large, then in a good approximation they can be regarded as an energy sink, 
interactions with which produce the diffused structure, Let us note that a quantitative analysis of the indicated 
possibility can also be obtained from the general relationships (1). 


2, The almost universal occurrence of band spectra and their shape can be explained by means of the 
point-limit theorem [12]. Here it will involve the fact that the distribution of the normalized function q = 
=(v-D\fo approaches the normal function asn oo, In this case V is the location of the maximum, and o* 
the second moment, We define n in the following manner; ifN is the number of molecular degrees of free- 


dom and N ni, where n, is the number of oscillators with a frequency i, then n > nny ny » where Ty 


is the Planck mean, In a sufficiently big molecule n is large and the distribution can be represented by a con- 
verging series, One of sucha series(proposed as early : as 1955 by Edgewart [12]) has the form (see also [5]) : 


—| 82 @| + [a (4-3) 9 @ + 
— 10 $3) @) — —3) @) @] +. 


(5) 
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i 
Here ¢(q) =(2 7) “Y, exp (-q?/ 2); ¢ ) (a) is the i-th derivation of ¢ (q); ; moments at the center of mass, 


and 1, = 0”, This series expands Iq) in terms of 1 /\in with the last retained term being of the same order 
as the first neglected one [12] (brackets enclose terms of the same order), For the terminal n the deviations 
from a Gaussian distribution may be great especially if py and py are large, but for large n one will still 
get a good approximation by limiting the series to terms of the n= order [ i.e. the first three terms in Eq. (5)]. 
In general we will find that for a large class of complex molecules the radiation densities for both the absorp- 
tion and emission can be represented by the same expression. Differences between individual molecules reside 
in the moments 1;, which can be calculated from Eq. (1). 


To explain the temperature dependence of the bands one either has to calculate the traces in Eq. (1) or 
determine several first moments, Traces of type (1) have been calculated out by several workers for some special 
cases, 


A A A A 
The case where M is constant, Hg, Hj are the oscillator operators, and H,—H, 4 linear function of the 
coordinates, was analyzed by Lax [5] (see also [7]). In this approximation 


exp (i,t) + exp (— iw,t) — 2 
[lexp (— fo) — (8) 


A more general case where both the equilibrium distances and the oscillator frequencies vary was examined 
by Kubo and Toyozawa ([13]; [5], p. 45). If M is constant and we assume that the frequencies change insignif- 
icantly we will get 


Taps (¢) = exp + [isin —cth — cos of) | 


Bho, it 
Ty =a (a) —o, 7) 


One can readily see that the first moment in Eq, (6) is independent of temperature, i.e,, that at this degree 
of approximation the position of the maximum does not depend as yet on temperature, The moment in Eq, (7) 
already shows a dependence on temperature, 


3. An examination of the mirror symmetry with respect to frequencies using Eq. (1) presents no problem * 
The condition for mirror symmetry with respect to ¥, can be written in the form: 


Tabs (t) exp (— i2ry,t) = t) exp (i2ny,?). (8) 


with the accuracy as good as the coefficients, 


One of the solutions is; = Vp, spe" spe? TH, T? =1, Where Us, is the pure electronic transition 


frequency, Hp, =h¥) + TH, H, =H. At the same time M satisfies the condition TM =const-M. The given 
solution can be regarded as a consequence of the welk known Levshin conditions [14]. 


In order to be able, at least in principle, to get a qualitative picture for the mirror symmetry with respect 
to A, we will derive in this case an analytical expression for the Fourier representation, Using a well-known 
property of the delta function, 


(Emm | M Eom’ 


—— A 
*From now on we will assume that p = exp (— BHp). 
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and then introducing it in an integral form, we get:: 


he 
labs (t) = Alm > <am | M | bn> <bn| M| am) (— (10) 
n bn am 
1 he 
It is more convenient to carry out the summation using ~ exp | vfs -— ts) | 3 as a center, 
where A, is the line of symmetry, We can show that 


exp — = —\ ikA (11) 


A(k)=—i/4m" when k> 0; A(k)=0when k=0; A(k)=i/4" whenk <0, Here I, is a Bessel function of 
the imaginary argument y = Ey, —Eam- 


Introducing the integral representation of Sonin and Shleffli [15], 


c 


we will get: 


Tans = dk \ exp (6) (— x 


x M exp | (ie + Hs] Mexp| — (ie +) Ha||am>. 


A similar expression can be derived for the emission, 


~ 


The mirror-symmetry condition with respect to A, {8 Lemit (T) = Ighs (T)- 


Using Equation (7) to determine whether the necessary conditions for mirror-symmetry are satisfied we get 
the following formula for Ag: 


he 


Bho, 
— dT; cth (14) 


Since Ij >0, then according to Eq. (14) UY» > Y,, or in other words the frequency of the pure electronic 


transition is displaced in this case towards the absorption maximum, which is in accord with the experimental re- 
sults [16]. 


In concluding the author would like to thank Prof, N. D. Sokolov for his valuable advice and constant at~- 
tention during the work, 
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The chemical literature lists several works on the isotopic exchange of oxygen on metal oxides (semicon- 
ductors [1]) but hardly any on the exchange of oxygen on metallic oxidation catalysts, such as platinum and sil- 
ver [2]. No one has studied speci fically the effect of impurities on the rate of isotopic oxygen exchange; the on- 
ly indirect data available are based on the work of G. K. Boreskov and co-workers who noted that traces of potas~- 
sium sulfate increased the exchange :ate on vanadium pentoxide [1]. Introduction of impurities alters the activity 
and selectivity of oxidation catalysts, The mobility of oxygen adsorbed on the contact surface plays a very im- 
portant part in determining the course of the catalytic oxidation of various compounds [3], Isotopic exchange of 
oxygen presents a means of establishing the actual extent of this mobility, It therefore seemed worthwhile to 
study the effects of impurities, introduced into the catalyst, on the rate of isotopic oxygen exchange, and this 
precisely was the purpose of this work, 


We selected the following two typical oxidation contacts; silver metal, a catalyst for the oxidation of 
ethylene to ethylene oxide, containing halide impurities in the form of AgCl and AgI, and copper oxide, a ca- 
talyst for the oxidation of propylene into acrolein, containing lithium oxide, chromic oxide, bismuth oxide, and 
copper sulfate impurities, The halides were introduced into the silver by vigorously agitating powdered silver in 
a AgCl or Agl solution, and controlling the surface distribution of the halide with the help of cl®* and 2 isotopes. 


JO 60 90 120 min “0 30 60 90 120 150 min 


Fig. 1. Kinetic curves for the iso- Fig. 2. Kinetic curves for the homo- 
topic exchange of oxygen at 232°C lytic exchange of oxygen on porous 
on porous silver containing: 1) silver containing: 1) 0.0015% AgCl; 
0.0015% AgcCl; 2) 0.002% Agcl; 3) 2) 0.002% Agcl; 3) 0.004% Agcl; 
0.004% AgCl; 4) 0,0015% Agcl. 4) 0,0015% Agcl. 
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Various metallic oxides were introduced into copper oxide by mixing or coprecipitating the respective nitrates or 
carbonates and firing the mixture at 700°, To introduce the SO,°~ ion we mixed ammonium sulfate solutions 
with copper nitrate solutions, evaporated the mixtures to dryness, and fired the residues at 700°, The experiments 
were carried out in a static low-pressure system (not over 1 mm of Hg). The O” isotopic content was determined 
mass-spectrophotometrically from the relative magnitude of the mass-36, 34, and 32 lines, The initial heavy 
oxygen contained 15-20 mole % of 0, From the relative concentration changes of the 0,!* (mass 36) and 

o” (mass 34) in the gas phase we determined the rate of the homolytic isotopic exchange of oxygen O}* + 
+ O28 we 20*o"*, The isotopic exchange rate was calculated using the equation: 


where 


is the exchange ratio, K the exchange rate constant, C,,, the concentration of o" at equidistribution, C, the 
initial O concentration, C the concentration of O” at time t. 


ABLE 1 


Impurity 
conc,, 
Impurity |wt. % 


Chlorine 0.0015 
as silver 0.0020 
chloride 0.0040 
0.015 


TABLE 2 


Init. isot. 
exch, rate 
Impurity per m* 


0,066 
0.063 
Bi,O, 0,025 
Li,O 0.172 
CusO, 0.01 


In Fig. 1 we have plotted the kinetic curves for the isotopic exchange of oxygen on silver which contained 
various concentrations of chloride ion, For at least 150 min the reaction was monomolecular, In Fig, 2 we 
have plotted the kinetic curves for the homomolecular isotopic exchange on these same samples of doped silver 
(a is the mass ratio, 36/34), 


Table 1 lists the rate constants for the isotopic exchange of oxygen at 232° on silver doped with chloride 
ions, 


The exchange rate constant changes monotonically with concentration, When the chloride content of the 
silver is increased tenfold the exchange rate decreases to two thirds of its former value, The rate constant of the 
homolytic exchange, which is related to the dissociation of oxygen molecules into atoms, decreases by one third 
when the chloride concentration is increased by a factor of ten, 


The introduction of iodide ion must somehow modify the silver catalyst since it was found that at a cer- 
tain iodide concentration the yield of ethylene oxide increased [3], A study of the isotopic catalytic exchange 
on this particular catalyst revealed that the addition of iodide sharply increases the homolytic oxygen exchange 


Kexch,° Khom.* 
| min/m? | min/m? 
71.8°10%| 3-104 
75-10) 2.8-10~ 
66°10] 2.0-10™ 
4 55°10} 
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rate but has hardly any effect on the molecular isotopic 
exchange rate, The addition of halides to silver changes 
the mobility and the ratio between the molecular and 
atomic oxygen adsorbed on the catalytic surface. These 
impurities probably act on the exchange rate by altering 
the surface charge on the silver metal and,consequently, 
the heats and activation energies for the adsorption and 
desorption of oxygen. 


It also seerned interesting to investigate the effects 
of impurities in catalysts other than silver, such as metallic 
oxide semiconductors, on the isotopic oxygen exchange 
rate, In Fig. 3 we have plotted the kinetic curves for the 
Fig. 3. Kinetic curves for the isotopic exchange — 
Bi,O3; I) Cud 
io co * 2% Cr,Osi IV) CuO + 2% results on pure copper oxide, and on CuO doped with Bi,O, 

and fit the Roginskii-Zel*dovich equation, dF/ dt = 


ca al“ (see Fig. 3 and 4), The deviation of the isotopic 
exchange rate from first-order kinetics may probably be 
attributed to a nonhomogenous surface on CuO, Kasatkina 
and Boreskov observed similar kinetics in the isotopic ex~- 
change of oxygen on MnO, [1]. 


The isotopic exchange rate on CuO doped with Li,O 
obeyed a bilogarithmic law, which also indicates that the 
CuO surface is not homogeneous; such behavior would in- 
dicate a surface,portions of which exhibit an exponential 


distribution of exchange activation energies, 
JO 60 90 120 150 180 min 


In Table 2 we have listed the initial isotopic oxygen 
2 
Fig. 4. Kinetic curves for the homolytic isotopic 
exchange of oxygen at 412° on: 1)CuO; 2)CuO+ ae 
+ 2%Bi,O3; 3)CuO+ 2%Cr,03; 4) CuO+ 2%Li,0). Introduction of chromic oxide into CuO has practically 


no effect on the isotopic oxygen exchange rate, Addition 
of Bi,O, reduces the rate to 1/3, while addition of Li,O increases the exchange rate by a factor of 3, The presence 


the SO,’ ion on the copper oxide surface sharply reduces the isotopic oxygen exchange rate, It is interesting to 
note that the isotopic exchange rate depends on the surface charge of the semiconducting oxidation catalysts [4]. 


Thus by introducing impurities into both the metallic (silver) and oxide semiconducting (CuO) oxidation 


catalysts one can regulate the isotopic exchange rate of oxygen, and consequently its mobility on the catalyst 
surface. 


LITERATURE CITED 

(1) E.R. S. Winter, J, Chem, Soc, 3342 (1954); 2726 (1955); S.M. Karpacheva and A. N, Rozen, Doklady 
Akad, Nauk 68, 1057 (1949); 75, 239 (1956);*Zhur, Fiz. Khim, 27, 146 (1953), G. Ya. Turovskii and F, M. 
Vainshtein ,Doklady Akad, Nauk 72, 297 (1950); L. Ya. Margolis and G, Plyshevskaya, Izvest. Akad, Nauk SSSR, 
Otdel Khim, Nauk 415 (1952);*w. C. Cameron, A. Farkes and L. M. Litz, J. Phys. Chem. _57, 229 (1953); L. A. 
Kasatkina and G, K. Boreskov, Zhur, Fiz, Khim, 29, 453 (1955); L. A. Kasatkina, G. K. Boreskov, Z. L. Krylova, 
and V. V. P opovskii, Izvest. Vysh. Ucheb, Zaved, 1 , 12 (1958), 

[2] L. Ya. Margolis, Izvest, Akad, Nauk SSSR, Otdel Khim, Nauk 2, 225 (1959).” 


[3] L. Ya, Margolis, Usp. Khim, 28, 5, 615 (1959), 
[4] E. Kh, Enikeev, L. Ya, Margolis, and S, Z. Roginskii, Doklady Akad, Nauk 124, 606 (1959),” 
* Original Russian pagination. See C. B. translation. 
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Indium and antimony form a single intermetallic compound InSb with a m.p. of 530+ 5° [1], The phase 
diagram for the In—-Sb system is shown in Fig. 1. 


Indium antimonide belongs to the Py group of semiconductors, all of which have the zinc blende struc- 
ture; the physical properties of this compound which might have any bearing on its semiconducting nature have 
been studied quite extensively (see [2] for an extensive bibliography), 


The thermodynamic properties of indium antimonide are reported in [3-6], Its heat of formation was de~- 
termined by the tin calorimetric method [3,4], The standard free energies (AF) and entropies of formation (As°) 
have also been calculated [4]. The heat capacity of indium antimonide was determined in the range from 
20-500°C together with the heat of fusion [5]. In [6] the heat capacities of several semiconductors, among them 
indium antimonide, are reported; the latter was studied in the range from 80-300°K, 


The purpose of the present work was to calculate some thermodynamic constants of indium antimonide 
from the e,m.f, determined experimentally in chemical cells, We studied the e.m.f. in concentration cells of 
the type: 


In (1) | (KCI — LiCl) + InCl | (InSb + Sb) (s ). 


by varying the concentration of the electrode material, 
The cell reaction: 


In(1) + Sb(s) = InSb (s ) 


gives rise to an e,m.f., from which the AF can be calculated using the equation: 


AF = —2FE; (1) 


where F is Faraday's number, equal to 23,066 cal/g equiv.; E the e,m.f. in volts; and z the ionic charge, in 
this case (In ), z=1. 


By studying the temperature dependence of e.m.f, we can determine AF as a function of T, and conse~- 
quently calculate the enthalpy and entropy of formation for InSb by using the equations; 


dE 
(2a) 


AH =4F +T AS. (2b) 
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EXPERIMENTAL 


Our study covered the temperature range from 390-490°C. We studied alloys containing 59.9 and 67,2 
mole % of Sb, which constituted a heterogeneous mixture of InSb + Sb. 


The alloys were prepared by fusing weighed amounts of indium and antimony;the method is very widely 
used for the preparation of antimonides and arsenides of indium and gallium and has been described in several 
papers dealing with the electrical properties of these compounds (see, for example, [7]). 


In our work the fusion was carried out at 635-650°C in evacuated quartz tubes, The metals used were 
99.99% pure, In order to mix metals well, the tubes containing the molten mixture were turned over several 
times; after being maintained at 635-650° for a while the alloy was cooled to 450° and maintained at that tem- 
perature for several hours, ; 


The resulting alloy was thoroughly ground in a jasper mortar and the powder compressed into the alloy 
electrodes; a 0.5 mm tungsten wire outlet was incorporated into each electrode, The cylindrical electrodes 
were 6 mm in diameter and 10-15 mm long, 


Instead of an electrolyte we used a fused autectic 
mixture of lithium chloride and potassium chloride with 
a trace (0.1%) of indium monochloride, 


Indium monochloride was prepared according to the 
instructions given in[8], First we prepared indium trichlo- 
ride by burning indium metal in a stream of chlorine, then 
melted a mixture of indium metal and indium trichloride in 
an evacuated quartz tube;the fusion was accompanied by the 


reaction: InCl, + 2In = 3InCl. 


The cell was put together in a specially designed 
quartz container, shown in Fig, 2, The narrow bottom part 
was filled with liquid indium, and over it was fastened the 
alloy electrode, The cell was immersed in a 40 mm wide 
450 mm long cylindrical quartz vessel, which was closed 
with a ground stopper; sealed into the latter were the tung- 
sten leads and a platinum-platinorhodium thermocouple 
used for measuring the cell temperature, The cylindrical 
vessel served as a jacket for the cell and made it possible 
to carry out the experiment in an inert atmosphere (pure 
argon), The cell was heated electrically in a specially de- 
signed cylindrical metal tube, The cell was submerged 
to the middle of the heater (about 300 mm from the top), 
where a constant temperature zone 50 mm high was main - 
tained; under these conditions the possibility of a thermal 
e.m.f., was minimized, The heater was regulated in such a 
way that the temperature inside the cell could be maintained 
within + 1°C, At the beginning of each experiment it took 
10-12 hours to establish a reversible e.m.f., but later, in 
going to other temperatures, equilibrium could be attained 
in less time, The temperature dependence of the e,m.f, 
was followed both with increasing and with decreasing tem- 
peratures, The results were reproducible to within + 1.0 mv. 
Our experimental results are plotted in Fig. 3. 


Fig. 1. Phase diagram for the system In-Sb. 


Fig. 2, Exterior view of the 
cell, 


Using the method of leastsquares we derived from our experimental data the equation: 


E = (0,3455 — 0,241-107)v 


sb 
20 40 60 G0 % 
salt 
In 


from which with the help of Equations (1) and (2) we calculated the change in free energy, enthalpy, and entropy 
for the formation of 1 mole of InSb from liquid indium and solid antimony: * 


AF = — FE =~ 23,066 (0,345—0,241 -10-37)=-7,97+5,56- 10-87 kcal /mole 


And from this we find that within the investigated temperature range 


AH = — 3,98 + 0,20 kcal/mole 
AS = — 2,780 25 kcal/ moles deg 
The accuracy of the AF depends on the reproducibility of the e.m.f, data, and since the latter was good 
to within + 1mv, we get a deviation of + 0,01 kcal/mole for the free energy. 


Using our own experimental values for the specific heats of the pure metals [9] and indium antimonide 
[5], and for the heat of fusion of indium [9], we calculated the standard values for these thermodynamic func- 
tions, The following were obtained: 


AF = — 3,07 + 0,01 kcal/mole 
AH oo, = — 3,67 + 0,20 kcal/mole 
AS2 og = — 2,01 kcal/molee deg 
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Fig. 3, E.m.f. as a function of temperature at various 
over~all compositions of the alloy~electrodes, a) 

Alloy containing 59.9 mole %Sb; b) alloy containing 
67,2 mole % Sb, 


*1 cal = 4.1840 absolute joules, 


mv 
180 
| q 

2 
wt 
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A COMPARISON WITH THE LITERATURE DATA 


In Table 1 we have compared our results with the literature data on indium antimonide, 


The AH, given in the 1st row of Table 1 was obtained by Kleppa, who used the tin calorimetric method, 
while the AHgog we calculated from Kleppa’s AH using the same heat capacity data as that which we used 
to convert our results to the standard temperature, Rows 2 and 3 contain the standard free energies calculated 
by two independent routes [4], The value given in the 2nd row was calculated from the phase diagram of the 
In-Sb system by using Wagner*s method [10] and the liquidus curve, which represents the equilibrium between 
the alloy and the solid InSb phase; we also determined calorimetrically the heat of fusion of the compound, since 
both it and the melting point are needed in these calculations, Row 3 contains the values calculated by using 
the equation AF = AH—TAS; we used in these calculations our own experimentally determined heats of forma- 
tion and the standard entropies of formation calculated from the absolute entropy data taken from the literature, 


For InSb the latter was determined from tabulated values,@/T where 6 is the Debye temperature, taken by us 
as equal to 2004/5°, 


Table 1 shows that the differences between our heats of formation and those previously reported [4] for in- 
dium antimonide lie entirely within the range of experimental errors, The change in free energy and entropy 
calculated from the e,m.,f, data are also in good agreement with Shottky’s and Bever's calculations [4]. 


TABLE 1 


Nos.| | keal/M | kcal/M | kcal/M |kcal/M-deg | Method 


4,30 4,00 calorimetric 


calculated 
according to 
[10] 


calculated 
from calori- 
metric data 


3.07 2.01 e. m. f. 
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It is very important to know the effect of the surrounding medium on the amount of hydrogen adsorbed on 
platinum black, By studying the reduction of platinum oxide to platinum black [1] it is possible to determine 
directly the amount of hydrogen adsorbed, In the present work we investigated the reduction rate of reduction 
oxide to platinum black and determined the amount of hydrogen adsorbed on the latter in the presence of potas- 
sium chloride, bromide, and iodide in 50% ethanol solutions, Platinum oxide was reduced in a catalytic duck- 
shaped vessel, At fixed time intervals we determined by difference the amount of hydrogen consumed and 


measured the potential of the catalyst electrode (with reference to a 0.1 N calomel electrode), 


The curves plotted in Fig. 1 were obtained during the reduction of platinum oxide at 30° in 50% ethanol 
solutions at various potassium bromide concentrations, Figure 1 shows that the reduction rate of platinum oxide 
is almost the same in 0,01 N and 0,1 N potassium bromide solution (in 50% C,H;OH). When the potassium bro- 
mide concentration is further increased the rate slightly declines, As the reduction of platinum oxide proceeds 
the potential of the catalyst electrode increases, approaching its reversible value, 


SS 8s 


of PtO, 
8 
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Reduction potential 


The amountof H, consumed 


inreduction of PtO, 


~900 
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Fig. 1. The effects of potassium bromide on the reduction rate of platinum 


oxide to platinum black, at 30°, 1) 50%Ethanol; 2) 0.01 N KBr; 3) 0.1N 
KBr; 4) 0.5N KB3; 5) 1N KBr. 
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the reduction of PtO, 
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The reduction potential 


Fig. 2, The effects of potassium iodide on the reduction rate 
of platinum oxide to platinum black, at 30°, 1) 50% Ethanol; 
2) 0,01N KI; 3) 0.1N KI; 4) 0.5N; 5) 1N KL 


In Fig. 2 we have plotted the curves obtained during the reduction of platinum oxide in the presence of 
potassium iodide at 30°, Figure 2 shows that the reduction rate of platinum oxide in potassium iodide solutions 
is much slower than the corresponding rate in plain 50% ethanol, This can be noted even in the 0.01 N potas- 
sium iodide solution, When the potassium iodide concentration is further increased an induction period appears 
which attains 6 min in 0.1 NKI and15 min in 0,5N KI, while in 1N potassium iodide the reduction takes 
125-130 minutes, Moreover, during the reduction of platinum oxide in 1 N potassium iodide, free iodine is 
evolved at the beginning of the experiment , the solution changes first to a red, then a brown color, and the 
potential drops into the oxide region (+20 mv), The platinum black obtained in 1 N potassium iodide is partial- 
ly deposited on the electrode and partially on the walls of the duck-shaped vessel, while the portion remaining 
in solution is highly dispersed, It seems that initially the reduction of platinum oxide proceeds by an elec- 
tronic mechanism where the iodide ion adsorbed on the Pt-electrode is reduced to elementary iodine; 


(1) 


The elementary iodine is soon reconverted into the iodide ion, since after 30-35 minutes the color suddenly 
disappears, It is interesting that the reaction should occur in a stream of such a strong reducing agent as hy- 


drogen, Figures 1 and 2 show that the reversible potential of the catalyst is more positive in the presence of 
potassium iodide and bromide than in plain 50% ethanol, 


Our results clearly indicate that the nature of the solvent has a strong effect on both the rate and the 
mechanism of platinum oxide reduction, 


Using Eq. (2) we find that 19,7 ml of hydrogen are required to reduce 0.1 g of PtO,. The difference 
between the amount of hydrogen consumed in the experiment and the calculated stoichiometric amount (19.7 
ml) gives the total amount adsorbed on the platinum black, As can be seen in Table 1, the amount of hydro- 
gen adsorbed on a gram of platinum black does depend on the surrounding medium. Thus, for example, in 50% 
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TABLE 1 


The Effects of Medium of the Adsorption of Hydrogen on 
Platinum Black 


Amt of H, used f 
El 2 mt of H, 
to reduce and \adsorbed on 
saturate 0.1 g g of Pt~ 
-equiv 
8 oqut PtO,, ml black, ml 


50%C,H;OH 
50% C,;HsOH + KCl 


o 


50% C,H;OH + KBr 


ue 


50% C,H;OH + KI 


KF ooo Cfo 


OG 


ethanol 12.9 ml of hydrogen were adsorbed on each gram of platinum black. In potassium chloride and bromide 
solutions the amount of hydrogen adsorbed is on the average 1.3 ml less than in plain 50 %ethanol and is practi-~ 
cally independent of concentration, In the presence of potassium fodide the amount of hydrogen adsorbed de- 
creases appreciably with increasing electrolyte concentration, A gram of platinum black adsorbs only 2.3 ml of 
hydrogen in the presence of 1 N potassium fodide. Thus the adsorption of halides not only decreases the hydrogen 


to surface bond energy [2], but to a considerable extent changes the amount of hydrogen adsorbed on the catalytic 
surface. 
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It is a well-known fact that the structural and chemical changes produced in polymers by ionizing radiation 
are accompanied by a great number of changes in their polymeric properties [1]. 


Very little work has been done on the diffusion of gases through polymers exposed to radiation, and the 
little that has been done was mainly concerned with the permanent effects of radiation on the permeability of 
polyethylene to gases and vapors [2,4], These studies showed that the gaseous permeability constant depended on 


the integral radiation dose received by polyethylene, However, the diffusion of gases through polymers while 


they are exposed to radiation has not been investigated, despite the practical and theoretical importance of the 
problem. 


Mokul'skii and Lazurkin [5] studied the mechanical properties of polymers exposed to the radiation from 
a nuclear reactor, They detected certain reversible mechanical radiation effects. Some of these changes ap- 
peared during irradiation and disappeared when the exposure was discontinued, One would naturally expect a 


similar reversible radiation effect on the diffusion of gases through polymers, The aim of the present work was 
to establish the existence of such an effect. 


The work was carried out using a manometric technique and y -radiation from a Co™ source with an ac- 
tivity of 20 kg equiv. of radium [7]; dose intensities up to 700 rad/sec were employed. 


The permeability constants were measured on the apparatus represented schematically in Fig. 1. 


The apparatus consisted of three principal units; 1) A diffusion cell inside of which the investigated film 
was fastened between two flanges and sealed tight by means of a lead ring [Fig. 1,1), One side of the film was 
evacuated while the other contained the gas (under 600-700 mm pressure), The film surface varied from 1.5 to 
1.7 cm’, depending on how tightly the film was stretched, Films 90 and 120 thick were studied, 2) A mov- 
able vacuum set-up placed on a cart and consisting of a forepump and a mercury diffusion pump (Fig. 1,2). 3) 

A manometer for the remote determination of pressure (Fig. 1, 3); * the manometer operated on the principle 
that the inductance of the gauge coil would change when the center core made of a ferro-resonance alloy was 
displaced, The gauge coil was wrapped around the U-shaped mercury manometer and the reservoir, The core 
was afloat on the mercury surface, When the pressure inside the system changed, the float was displaced together 
with the mercury and the accompanying change in the coil inductance was recorded on an £PVI-14 instrument 


(measurements were accurate to + 0,05 mm of Hg), The permeability constant was measured by recording the 
pressure increase in the vacuum chamber as a function of time, 


*The manometer was designed by V. B. Osipov. 
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The assembled diffusion cell and the chamber filled with the inert gas were tested for leaks, The vacuum 
set-up and the remote manometer were connected to the cell through ground joints. After the entire system 
was evacuated the vacuum set-up was disconnected and removed from the irradiated zone. 


Before introducing the radiation source we measured the rate of pressure increase in the evacuated portion 
of the system and plotted the pressure as a function of time, p = f(t). After ascertaining that a steady diffusion 
rate was achieved and that the function p = f(t) was linear we introduced the radiation source, The pressure in 
the evacuated chamber began to increase at a higher rate but the function p = f(t) still remained linear, The 
rate remained constant as long as the integral dose received by the film had not produced any noticeable struc- 
tural changes in the polymer, After the source was removed the diffusion rate returned to its original value, 


Before the experiment a correction was deter- 
mined for the increase in pressure caused by the evo- 
2 - lution of gases from the film and the stopcock grease 

? during irradiation, This was done by evacuating the 

mee. = entire system, placing the diffusion cell right in the 
| : middle of the source, and exposing it to uninterrupted 

radiation for 6 hours, All during this time the pres- 

sure remained constant to within + 0,05 mm of Hg. 

Therefore the correction for the evolution of gases 


from the irradiated film and grease could be dis- 
regarded, 
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In Fig. 2 we have plotted the function p = f (t) 
for helium before and during the irradiation of poly- 
ethylene at 10°C; the dose intensity was 720 rad/sec. 
Figure 2 shows that the pressure increases immediately 
after the source is introduced and not gradually while 

schematic the source is brought nearer, as one would have expect~- 
ed. This can be explained by the fact that at lower 
dose intensities (of the order of 100 rad/sec), as was 
shown by special experiments, practically no rate in- 
crease is observed (at 20-22"), During the experiment 
water was run through a metallic jacket around the 
cylindrical source so as to cool the empty space inside 
and maintain a constant temperature; this was regulat- 
ed by means of a heating element and a thermal reg~- 
ulator, The experimentally determined permeabilities 
of polyethylene to helium and xenon at various dose 
intensities are listed in Table 1, The permeability 

“constants were calculated from Fick's steady-flow 
equation, 


As can be seen in Table 1 the increase in the 
diffusion rate shows a strong dependence on the dose 


intensity, The higher the dose intensity the more is 
Fig. 2, The increase in helium pressure on the the relative diffusion rate increased, Whereas the 
evacuated side of polyethylene at 10° as a function diffusion rate of helium (t = 17°) increases by a fac- 
of time. I, I, and V) in the absence of radiation; tor of three when the radiation dose intensity is 300 
Il, IV, and VI) during irradiation, rad/sec, about a tenfold increase is observed at 730 
rad/sec (t= 10°), 


With xenon the effect is even more pronounced, A dose intensity of 180 rad/sec increased the diffusion 
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*Film was tested after exposure to 0,7 Mrad, 


rate (at 40°) by a factor of three, while 730 rad/sec in- 
creased it by 10-15 times* (at 15°C). At high dose in- 
tensities we also noted that each time the source was re- 
introduced the relative diffusion rate (during irradiation) 
would increase by a larger factor, When the dose in- 
tensities were low and consequently the rate increase 
rather small (p/p) 2-3) no increase in the p/p) ratio was 
detected after numerous irradiations (experiments 2 and 
5, Table 1), 


Each time the source is removed the diffusion rate 
oO, 700 750 tin again changes abruptly approaching the initial value but 
pa remaining slightly above it, There seems to remain a 
kind of “aftereffect” which also increases after each 
irradiation period, Table 1 and Fig, 3 both show that 
after four exposures to radiation lasting altogether 160 
min the permeability constant increased from 1.92 - 10% 
to 2,93 + 10" cm®/cm? sec cm/atm, However in cer- 
tain cases this effect is insignificant, see, for example, 
experiment 3, 


Fig. 3, Increase in the helium pressure on the 
evacuated side of polytetrafluoroethylene at 
15° as a function of time, I and III) in the ab- 
sence of radiation; II) during irradiation, 


*Due to the slow diffusion rate through polethylene at 15° and the limited range of pressures that can be meas- 
ured with the type of manometer used we were unable to determine the permeability constant of xenon at 15°, 
We therefore used for xenon the values of p from the graph of log p vs. 1/T (Fig. 4); the plotted data were ob- 
tained on a polyethylene film at various temperatures using similar apparatus but equipped with a McLeod gauge, 
The results are presented in Table 1, For comparison we have also listed permeability data for helium and 
polyethylene, 
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Fig. 4, The permeability of 
polyethylene to xenon as a 
function of temperature, 


We found that the diffusion rate in the helium—polytetrafluoroethylene 
system also increased during irradiation (Fig. 3, Table 1), However, since 
polytetrafluoroethylene is not stable enough to permit long exposure to radia- 
tion, the experiments at high dose intensities (500-600 rad/sec) were very 
short. At the same time we failed to detect any increase in the permeability 
of polytetrafluoroethylene at lower dose intensities (30, 130, and 200 rad/ 
/sec), When the dose intensity was 560 rad/sec the rate of helium diffusion 
through polytetrafluoroethylene increased much less (only by a factor of 1.5) 
than in the case of polyethylene and helium at the same temperature, Thus 
the irradiation of both crystallizing and noncrystallizing polymers is accom- 
panied by an increased diffusion rate. One might have expected that the 
energy of the incident y -radiation would increase the permeability of the 
polymer to gases by heating the diffusion cell and the film, Measurements 
showed that the increase in the cell and film temperatures (about 3°) would 
only raise the diffusion rate by 20% for helium and 50% for xenon, whereas, 
the corresponding p/p, ratios were ~ 3-10. Consequently the over-all film 
heating has no appreciable effect on gaseous diffusion. 


It seems that the increased diffusion rate is somehow connected with 
a localized molecular excitation and increased elasticity resulting from the 
primary absorption of y-ray quanta and a secondary formation of excited 
molecules, Exposure to radiation may also be accompanied by bond rupture 
in the principal and side chains, which would alter some mechanical pro- 


perties, such as the creep, However these ruptures could hardly be responsible for the increased diffusion rate, 
since the latter is independent of the macromolecular chain length if the molecular weight is fairly large. 
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As has been shown in an earlier report [1], limiting current densities during the evolution of hydrogen from 
platinum or nickel cathodes, from sulfuric acid solutions, are characterized by the fact that the discharge reac~- 
tion of the hydrogen ion; H + e->H, alternates with the reaction: H,O + e +OH + H, the process of evolution 
from the alkaline solution in the layer in immediate contact with the cathode, The alkalization of the electro- 
lyte in this “*pre-cathodic” layer takes place as a result of the accumulation of undischarged mixed cations, 
whose concentration in the original liquid is easily calculated by the application of the A. N. Frumkin equation 
[2]. If our experimental data are used for the calculation, it appears that the concentration of the mixture of the 
cations of alkali metals in the solution is around 10 to 10” N, which is in harmony with the approximate spec- 
troscopic determinations made by us, 


The reduction of the concentration of the potential-determining ions in the pre-electrode electrolyte film 
may be diminished by forced circulation of the electrolyte, which leads to a reduction of thickness of the border 
layer; the relationship between the limiting current and the over-all concentration of the solution may then be 
found to be simpler than when gas evolution takes place without mixing of the liquid, 


According to V. G. Levich [3], the simplest way of producing flow of the liquid around a solid body is by 
the rotation of discs within it, The thickness of the border layer of liquid is inversely proportional to the square 
root of the speed of rotation of the disc, The first experimental test of the V. G. Levich theory , carried out by 
B. N. Kabanov [4], has confirmed that an essentially linear relationship exists between the limiting current and 
the square root of the speed of disc rotation, The electrode process investigated by B. N. Kabanov (the cathodic 
reduction of oxygen in acid solution to hydrogen peroxide) is free from complications due to any side phenomena, 
But in the case of hydrogen evolution on a rotating disc we are concerned with the formation of gas bubbles and 
their evolution at the electrode surface, This leads to a complication of the hydrodynamic regularity at the 
electrode surface, Interest centers on the elucidation of the problem as to which of the two factors predominates 
in this case; the regular movement of the liquid at the surface of the rotating disk, or the stirring effect produced 
by evolution of gaseous products from its surface, 


EXPERIMENTAL 


The potentials have been determined for platinum disc cathodes of diameter 6,00 mm, using velocities 
of from 1000 to 22,000 revolutions per minute. The compensation circuit was closed for a period of 3-10 * 
second [5] after switching off the polarizing current. This made it possible to measure the potential of the 
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electrode nearly at equilibrium: under these conditions the ohmic-resistance potential and the overvoltage 
disappear [1]. For electrolysis there were used solutions of sulfuric acid of various concentrations (from 0.0005 
to 0,05 N); the cathodic and anodic sections of the electrolyzing vessel were connected by a wide siphon. 
Hydrogen was produced in the cathodic section. The reproducibility of the measurements was verified many 
times. 


In dilute solutions (0,0005-0,004 N), with low rotation speed of the electrode, the size of the limiting 
current may be obtained directly from the polarization curves; the sharp rise in potential indicates quite clearly 
to what current density the measurement of the nature of the electrode reaction corresponds, But in solutions of 
greater acid concentration (up to 0.05 N), with high speeds of disc rotation (10,000 to 20,000 revolutions per 
minute), it is not possible to determine the position of the potential shift from the polarization curves, for mixing 
is then caused additionally not only by the evolution of gas, but also by the heating~-up of the liquid in the pre~- 
electrode layer owing to the increased resistance, In this case, the limiting-current density iy may be deter- 
mined from the equation connecting this quantity with the concentration of the potential-determining fons at the 
electrode, C,, the over-all concentration, Cy, and the current density acually used, i:. Thus: 


ig = Cy /(Cy-C,). 
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Fig. 1. Relationship between the limiting - 
diffusion current and concentration of sulfuric 
acid for various disc rotation speeds, a) 0; 

b) 3000; c) 8000; d) 15,000; e) 21,000 re- 
volutions per minute, 


Fig. 2, Relationship between the limiting - 
diffusion current and disc rotation speed for 
dilute sulfuric acid solutions, a) 0.0005 N; 
b) 0.00075 N; c) 0.001 N; d) 0.002 N; e) 
0.003 N; f) 0.004N. 


The quantity C, is determined from the potential of the electrode measured after a period of 3 * 10% 
seconds after the switching off of the polarization current, since it was established at an early date by various 
independent methods that the equilibrium of the electrode is established within this period of time. 


With a stationary electrode, divergence of the relationship between i, and C from linearity begins at a 
sulfuric acid concentration of 0,02-0.03 N. In these and more concentrated solutions, at current densities near 
to the limiting value, the movement of the pre-electrodic liquid by the hydrogen involved is so strong that i d 
is appreciably increased and deviates from the straight line more strongly, the greater the concentration of 
the solution, If the reaction of the electrode leads to efficient mixing of the solution, the mixing effect of the 
hydrogen will be less important, so that increased disc rotation speed should be found to lead to a progressive 
straightening of the curve connecting i, andC. Figure 1 shows that this in fact occurs. The increase in the 
speed of rotation of the disc leads to the creation of a more stable hydrodynamic situation, 


In those cases where the replacement of one electrochemical reaction by another, in which improvements 
can be made in the permitted minimum concentration of the potential-determining ions and in which comparatively 
small gas evolution occurs (for example, in dilute acid solutions with small disc rotation speed), i.e., when the 
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limiting-current density is not very high, we may expect to find that the linear relationship between i, and the 
square root of the disc rotation speed is observed, Our experimental material confirms this relationship between 
the limiting current and the square root of the number of revolutions of the electrode in unit time as a straight 
line which when produced, goes through the origin of coordinates (Fig. 2). Increase in the acid concentration 
and the disc rotation speed gives a pronounced growth in the value of the limiting current, At this point the 
mixing influence of hydrogen evolution begins to play a large part. It is in this case impossible to create condi- 
tions in which the effect of this factor becomes negligible; but as we see in the case of the i;-C relationship, 
increase in speed of rotation to some extent permits the maintenance of a stable hydrodynamic situation, but all 
the same the relevant curves are not entirely linear, According to our experimental data, the relationship be~ 
tween the limiting current and the square root of the number of revolutions of the electrode in unit time corres- 
ponds to straight lines not passing through the origin of coordinates (Fig. 3 they in fact cut the axis of ordinates 
at points corresponding to the limiting current at station- 
ary electrodes, or, in the case of the three solutions of 
highest concentrations even at somewhat higher points 
(these are, of course, those solutions which most strong - 
ly deviate from the linear relationship), 


Such a result was to be expected, since with re- 
duction of the speed of disc rotation, the thickness of 
the border layer will be to an increasing degree deter- 
mined by the mixing effect of the gaseous products from 
the electrode; and therefore the straight line is deflect- 
ed from the position corresponding to the limiting cur- 
rent at a stationary electrode, However, as we have 
seen, conditions are possible in which the mixing of the 
electrolyte by gas causes very strong upward deviation 
of the current on rotating electrodes, and the stabilizing 
Vm (tpm) effect of the movement of the liquid streaming on the 
disc is insufficient. In this case the straight line cuts 
the axis of ordinates at a higher point than that corres- 
ponding to the limiting current on stationary electrodes. 


Fig. 3. Relationship between the limiting -diffusion 
current and the disc rotation speed for wider range 
of sulfuric acid concentrations, a) 0,002N; b) According to the results of calculations which have 
0.003 N; c) 0.005 N; d) 0.0075 N; e) 0.01 N; f) been made, for the polarization curves investigated in the 
0.02N; g)0.03N; h) 0.04N; i) 0.05 N. region of current densities not exceeding the saturation 

value, the equation for concentration polarization takes 

R 
the form: + = In, + In ) . Deviation of the measured quantities (for potential values) 
d 

from the values calculated amounted to about 4-6 mv. 
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It has recently been shown [1] that during the process of grinding quartz in an air-dry state, the size of its 
specific surface, when determined by the low-temperature adsorption of nitrogen and correlated with increase in 
time of grinding, ceases to increase and may even fall, This phenomenon has been explained on the basis of 
aggregation of the quartz particles, in the course of which part of the surface becomes inaccessible to the nitro- 
gen molecules, It is of interest to consider the effect of this aggregation on the adsorptive properties of quartz in 
relation to other adsorbates, and, especially, to elucidate to what extent the aggregation of the quartz particles 
can be supposed to affect its adsorptive properties in relation to water vapor, the dimensions of whose molecules 


and the nature of whose adsorption are significantly different from the dimensions of the molecules and the nature 
of the adsorption of nitrogen, 


The adsorption properties of unit surface of quartz in relation to vapors of water and methanol have frequent~ 
ly been examined [2-8], There has also been investigated [4, 9-12] the heats of adsorption and of wetting by 
these liquids, A comparison of the results which have been obtained by the use of the adsorption isotherms of 
water vapor [8], and by measurements of the heat of wetting by water [12], reveals a profound variation in these 
adsorption characteristics for various specimens of quartz, In the case of the adsorption isotherms of water vapor, 
this has been explained [8] by the presence in some natural specimens of quartz of “submicroscopic™ cracks, ac- 
cessible to the water molecules but inaccessible to those of nitrogen, which would give rise to the diminished 
value of the specific surface determined from the nitrogen adsorption isotherms, and therefore to the increased 
“absolute” (that is, in relation to unit surface) magnitude of the adsorption of water vapor, This explanation 
does not seem to us to be at all probable, since during the process of fine grinding the cracking of the quartz 
particles ought to proceed mainly along the microscopic cracks since these are the weakest places in the lattice, 
and therefore dispersion ought to promote reduction in the porosity of the powders of different origin , whereas 
this is not found in practice [8], No independent experimental data pointing to the presence of ultrapores in 
specimens under investigation have been carried out [8]. A considerable increase in the specific heat of wetting 
of quartz by water, with reduction of its dispersion, is noted in paper [12]. A similar relationship, though less 
marked, was discovered by us at an earlier date for silica gel [13-16], It was also shown in this case, that the 
methods of preparing silica gels and quartz powders exert a considerable influence on their adsorption properties, 
Thus, the reasons for the considerable divergence in the values for the specific adsorption and the energy of ad- 
sorption revealed in the literature for different samples of quartz are still not firmly established, 


The present work is devoted to our investigations on two samples of highly dispersed quartz, The first 
sample, Kv-4, was obtained by grinding transparent, crystalline quartz in an excess of water [1], in a steel 
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TABLE 1 


Adsorption Characteristics of Powdered Quartz 


Specific Structural 
surface, water content, 
Sample m*/g micromole/m* Grinding conditions 
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Fig. 1. A) Adsorption isotherms for water vapor 
(light points) and nitrogen (dark points) on quartz 
specimens Kv~4A (1), and Kv-4, (2), B) Adsorp- 
tion isotherms for water vapor on the same speci- 
mens, related to the structural water composition 
in these samples, 


In excess of water 


Additional grinding of the 
dry powdered Kv=4A 


vibration mill, The second sample, Kv-4A, was produced 
by further grinding of the first sample, Kv-4, which had 
been thoroughly dried, for a period of 16 minutes in air, 
Both the samples of quartz were purified from iron im- 
purities by treatment with hydrochloric acid, followed 
by passing the suspension through a chromatographic 
column filled with a cation exchange resin [18]. The 
measurement of the adsorption of water vapor and of 
nitrogen was carried out under volume conditions, The 
quantity of structural water in the specimens under the 
same conditions was determined from the volume of 
water vapor evolved on heating the sample from 300° to 
1000°, The specific surface was calculated by the B.E.T. 
method from the isotherms for the low-temperature ad- 
sorption of nitrogen, The results obtained are set out in 
Table 1, 


Fig. 1 shows the reversible adsorption isotherms of 
water vapor and of nitrogen on samples Kv~4 and Kv~4A, 
calculated on the basis of 1 gram adsorbent. As can be 
seen from Fig, 1, the adsorption isotherm for nitrogen 
vapor on the aggregated specimen Kv~4A lies consider- 
ably lower than that for the original specimen, It follows 
therefore that, in the process of grinding the powder Ky-4 
further , its specific surface with respect to nitrogen is 
reduced by a factor of 1.5 on account of the aggregation 
of the particles [1] (Table 1), On the other hand the iso- 


therm for water vapor on the aggregated sample Kv-4A behaves in the opposite way, lying above that for the 
specimen KV~4, which may be accounted for by an increase in the true surface of the specimen as a result of the 
additional grinding, Thus, these experiments show that, as a result of the aggregation of the particles during the 
grinding of quartz, the adsorption properties change differently with respect to water vapor and nitrogen, The 
ultra~porous structure of the aggregated quartz which is formed in this case has evidently nothing to do with the 
initial quartz specimen, but originates in some other way, The absence in all the investigations [2-12] on quartz 
of data about the conditions of grinding, and the neglect of the effect of aggregation in production in the value 
of the specific surface obtained on the basis of the low-temperature adsorption isotherms of nitrogen, does not 
permit making a comparison amongst themselves of the quantities produced in these projects; that is, the specific 
adsorption [2-8], the heat of adsorption [4], and the heat of wetting [9,12], in the way this was formerly done [8, 
12}, —_ It is possible that this is one of the reasons for the considerable divergences found both with the adsorp- 
tion and with the energetic characteristics obtained using powdered quartz in the various investigations, 
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It can be seen from Fig, 2 that the "absolute" isotherms for 
the adsorption of water vapor on the two samples of quartz of iden- 
tical origin and differing only in the conditions of grinding to which 
they have been submitted are very different. This is associated 
with the fact that part of the surface of the aggregated sample ap~- 
pears to be inaccessible to the molecules of nitrogen, though it is 
accessible to those of water, In this case it would be necessary to 
determine the size of the specific surface of the aggregated sample 
from the adsorption isotherms of water vapor. This method, how- 
ever, may lead to considerable inaccuracy, since the deposition 
area for molecules of water on the surface of silica depends on the 
Fig. 2. Specific adsorption isotherms degree of hydration of this, which may be quite different for sam- 
of water (light points) and nitrogen ples of different origin [14-16], Calculation of the deposition area 
(black points) on samples of quartz of the water molecule from the crystallographic section of the quartz 
Kv~-4A (1) and Kv=4 (2), (17] is not possible, since as has already been shown [21] there is an 
amorphous layer on the surface of the crystalline quartz, The facts, 
however, of the coincidence of the “absolute” isotherms on various specimens of quartz and silica gel [4,8], when 
specific surfaces are employed which have been calculated from these facts, still gives no information about the 
identity of the surface of the objects investigated. The “absolute” isotherms agree in this case only because, in 
the course of calculating the specific surface, the qualitative differences in nature of the different specimens 
are allowed for in its magnitude [19]. Thus, for example, in the use of such a calculation method, the “absolute” 
isotherms on ordinary silica gel, and silica gel with a modified surface in which part of the OH-groups have been 
replaced by CHg~groups, are in agreement: that is, on samples the nature of whose surface is materially different, 
this agreement is nevertheless found [20]. 


Since the size of the actual specific surface of the aggregated quartz powder remains unknown, we have 
inaugurated the method of measuring the adsorption of water vapor directly in terms of the quantity of structural 
water contained in the specimens under investigation [14]. As is seen from Fig. 1B, in the early part of the 
p/P curve the isotherms coincide, which is a consequence of the fact that the whole surface of aggregated 
quartz is accessible to the molecules of water, 


At the present time it is not possible to give a comprehensive explanation of the aggregation observed in 
{1] and in the current work, Apparently, with collision of the particles during the process of crushing, the for- 
mation of contacts between them takes place owing to the interaction of active portions of neighboring particles, 
In particular, such active positions may be the free radicals which arise on the surface of the split. In this way 
there are formed comparatively compact aggregates, consisting of primary particles which are not disintegrated 
by the influence of water or heat, But their mechanical strength, is, all the same, appreciably less than that of 
the initial quartz particles, A short period of grinding of the aggregated quartz with water leads to disaggrega - 
tion of the particles and a sudden growth in the specific surface, The fact mentioned above concerning the dis- 
tribution of molecules of water throughout the entire surface of aggregated particles is in harmony with the dis~- 
persing (peptizing) properties of water in relation to this system, It should be mentioned further that the phe- 
nomenon of the aggregation of particles in the course of grinding is observed not only for crystalline quartz, but 
also for a number of other solid materials, such as corundum, fused quartz, calcite and others; and also for silica 


gels, the specific surface of which in dry grinding in a vibrating mill, is in certain cases reduced by a factor of 
more than 10, 


The authors wish to express their thanks to Academician P. A. Rebinder for his interest in this work and 
its discussion, and also to G, I, Aleksandrova for his assistance with the measurements. 
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During an investigation into the electronic paramagnetic resonance (EPR) method, for compounds with a 
conjugated bond system in which it appeared that resonance absorption occurred [1,7], the fact emerged that 
the molecules possessed noncompensating electronic magnetic Moments. Thus, with substances having at the 
same time the characteristic of fully saturated chemical bonds, there emerge radical structures, the study of which 
which may, on the one hand, explain some chemical peculiarities of molecules with a large number of conju- 
gated double bonds, and, on the other hand, elucidate what is at present a vaguely understood mechanism of the 
origin of paramagnetism with such substances, 


A convenient object for the investigation of electronic param agnetic resonance spectra of conjugated 
systems is found in the cyanine dyes, which are widely employed in practice for the optical sensitization of 
photographic emulsions, In the present work, the effect on their electronic paramagnetic resonance spectra of 
the number of conjugated double bonds between the heterocyclic rings, of the structure of the heterocyclic rings 
themselves, and of the nature of the anion of the dyestuff has been studied. The following symmetrical cyanine 
dyes were chosen as subjects of the measurements: 


0; 15253; 


bn, 
H=(CH—CH) 


N 


H=(CH—CH), 
C,H, C,H, 


= 
| 
ay 
| 
H=<CH—CH 
ci 
cH 
CHy 
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All the dyes were available as pure preparations, 
with the exception of that corresponding to No.1 with 
n=4, 


The measurements were carried out on the powdered 
dyestuff, in quantitites from 20 to 90 mg, in the spectro- 
meter described in [2], using a frequency of 9 * 10° hertz, 
double-magnetic modulation, synchronous detection,am - 
plification at a frequency of 975 kilohertz, and an ar- 
rangement for automatic maintenance of the frequency 
of the klystron through an operating resonator, The ab- 
sorption curve was recorded in the form of its first der- 
se ivative by means of the automatic recorder EPP -09, 


gauss 


The signal of electronic paramagnetic resonance 
] 
wig, 1. was not obtained with all the dyestuffs investigated. How- 
a) Dyestuff 1, n = 3; b) dyestuff 3, n = 3; 1) 
T = 290°, 2) T = 90%; dyestuff 1) n= 38 ever, when resonance absorption was observed, the line 
appeared as a symmetrical singlet with a g-factor of 
2,003 (Fig. 1a). The breadth of the line varied with 

the structure of the dyestuff. One of the dyes investigated (No.2, with n = 3) had, in addition to the narrow singlet, 
a second rather wide singlet with a g-factor of 2,24 (Fig.b). The breadth of lines was determined between the 
points of maximum slope of the absorption curve, and in the last case was equal to AH),,,= 130 gauss. 


The concentration of uncoupled electrons wasdétermined against a known standard (diphenylpicrylhydrazil), 
and corresponded approximately to one free electron per 10* molecules of the dyestuff, Because of the small 
intensity of the electronic paramagnetic resonance spectrum, and the small quantity of the prepared materials, 


the determination of the concentration of the uncoupled electrons was only reliable to the limit of one order of 
magnitude, 


The results which have been obtained are shown in Table 1, from which it can be seen that resonance ab- 
sorption arises for a given homologous series of dyes only with a definite number of conjugated double bonds, 
With increase in conjugation, the breadth of the electronic paramagnetic spectrum line diminishes, Another fac- 
tor governing the emergence of radical structure is the nature of the heterocyclic nucleus. In the case of qui- 
noline nuclei, electronic paramagnetic resonance arises with conjugation corresponding to three CH~groups, where~- 
as with benzthiazole, not less than five CH-groups are necessary for the appearance of the signal, and again with 
indole as many as seven CH~groups are necessary, Apparently the basicity of the heterocyclic ring influences the 
emergence of radical structure, this being diminished in the same order as the former increases, It is interesting 
to note that change in the anion (changing from I~ to Cl™) does not have any material effect on the resonance 


absorption of the dyestuff, The reason for this seems to be that the radical structure arises in the system of double 
bonds contained in the cation of the dyestuff. 


It might be supposed that the electronic paramagnetic resonance spectrum in the dyestuffs investigated is 
produced by a thermally excited triplet state, the energy of which, with sufficient conjugation is proportional to 
kT, But this is contrary to experimental evidence at low temperatures, The electronic paramagnetic resonance 
signa] at the temperature of liquid nitrogen does not diminish, but increases approximately by a factor of 2 (Fig. 
1b), as is found with paramagnetic substances, Thus the presence of uncompensated electronic magnetic moment 
in the substances investigated is associated not with the excited but with the ground state of the dyestuff molecule, 


As may be seen from Fig. 1b, the reduction of the temperature to 90°K does not diminish the breadth of 
the electronic paramagnetic resonance lines, It follows that, in this case, the broadening of the electronic para - 
magnetic resonance lines is not controlled by spin-screening interaction, Apparently the reduction in the breadth 
of the electronic resonance spectral lines with increase in chain length of the conjugated chains depends on the 
increase in the delocalization of electrons on many centers [4]. 


It appears to be very characteristic that the radical state, as has been discovered by us, emerges in those 
dyes which absorb light in the red and near infrared regions of the spectrum, These dyes are usually very rapidly 
decolorized in aqueous solutions, On the other hand, when the optical sensitization of photographic emulsions by 
easily destroyed dyes is carried out, there is often observed an increase in the instability of the photographic 


M0. igauss 
« 


TABLE 1 


properties, There are indications that oxygen from the air plays a significant part in such processes [4-6], There 
has therefore been shown great interest in discovering the effect of atmospheric oxygen on the electronic para- 
magnetic resonance spectrum, It has been found that evacuation of dyestuff 2 (with n= 3) for a period of 4 hours 
to a vacuum of 2 - 10mm mercury causes an increase in the signal of 20-30%, After admitting air into the 
dyestuff ampoule, the resonance signal is correspondingly reduced, which is to be attributed to the interaction of 
the dyestuff molecule with the oxygen of the air, We regret that we did not succeed in obtaining electronic para - 
magnetic resonance spectra of solutions of dyestuffs because of the poor solubility, But results indicating the ob- 
taining of very similar resonance signals with solutions of polyphenylvinylene, and also the regular effect on the 
electronic resonance spectrum of change in the structure of the cyanine dyes, make it possible to maintain with 


great probability that the radical states are properties of the molecules themselves of the compounds investigated, 
and not merely of their crystalline structure, 


The results considered in this investigation show that the appearance of uncompensated electronic magnetic 
moments in cyanine dyes is associated, not with thermal excitation, but with the ground state of the molecules 
of the dyestuff, which in each molecule has an electron-spin density of 1074, 


In conclusion, the author wishes to express his deep thanks to L . A. Blyumenfel'd and I, I, Levkoev for 
their help in the work, 
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The widespread employment in laboratory and industry of chemical reactions carried out in the flow state 
at a constant total pressure, has made it necessary to extend to this field that classical treatment of chemical 
kinetics which was arrived at for processes carried out at constant volume, 


The general equation for the kinetics of flow reactions is given in [1] in the form: 


for homogeneous reactions; 
8 Non, dx 


= W’; 


for heterogeneous catalytic reactions: 


(2) 


where ng Ay = rate of supply of the substance Aj; X, — degree to which the substance A, undergoes reaction; p 


andZ are respectively the cross section and length of the reaction volume; W and Wgare the rates of the homo- 
geneous and heterogeneous reactions respectively, measured in terms of the substance Aj and Sy = surface of 
catalyst per unit length of the reaction volume, 


The most common method of studying the kinetics of flow reactions is the use of the relationship between 
the degree of conversion, x, and the rate of supply of the reagent, no. It is not, however, possible to work out 
the relationship between x and ng from the formulas (1) and (2), since the variables in these are x andl, In 
order, therefore, to obtain integrated kinetic relationships it is necessary to arrive at a form of kinetic equation 
such as W = ® (x), after which the integration of equations (1) and (2) becomes possible, If the experimental 
data then conform to the relationship so obtained, it can be judged that correct assumptions have been made 
aboutthe kinetics of the process. 


Such a method has shown itself to be very productive, and has opened up the possibility of determining the 
kinetics of a number of reactions [2]. In many cases, however, it is difficult to make assumptions about the form 
which the kinetic equation should take, In addition to this, in the case of heterogeneous catalytic reactions, the 
occurrence of diffusion inhibition causes distortion of the kinetics to be observed; thus the necessity arises of 
carrying out measurements in the kinetic region, 


_ (1) 

Noy, dx 

So Ws, 
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For this purpose, so as to make it possible to determine the kinetic constants without regard to the mech- 
anism of the process, and also so as to determine the flow region, we have worked out a graphical method of 
studying the kinetics, making use of the experimental curves relating x and ny. The use of these curves makes 
it possible to measure directly the rate of the reaction to which the values of x and ng-refer, With this object 
we proceed to substitute the variables in equations (1) and (2) in the following manner, 


By integrating equation (2) with respect to 2, from 0 tol, and with respect to X from 0 to X, we obtain 
the relationship: 


x 
Sol _ ( dx 3 
(3) 


Differentiating this equation (3) with respect to np, we find: 


and therefore, 


(6) 


By the use of equations (5) and (6) it is possible to find the rate of reaction from the curves of the relation- 
ship between x and np, since dx/dny is the tangent of the angle of slope of the curve against the rate of flow 
axis, It therefore becomes possible to study the kinetics of the reaction on the basis of the experimental data, 
regardless of prior assumptions about the mechanism of the reaction, 


moles * distance 


Fig. 1. Experimental curves of the relationship between x and np 
for the cracking of cumene (isopropylbenzene) at atmospheric 
pressure on an aluminosilicate catalyst at various temperatures. 
dx/dnp = —tan (180° @) 4, where cy = coefficient depending on 
the scale chosen, 


x 

| 

_ Sof de (4) 

na dx dno’ 
ne dx 
i Similarly, for homogeneous reactions, we find: 
n® dx 
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as 
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— — 410 
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We will consider, for example, the method of determining the activation energy. In the general case, for 
irreversible reactions, we may put 


Ws = k(T) f (C) = Pe-FRTY(C,, x), (7) 


where k(T) = rate constant of the reaction, P = pre-exponential factor; E = activation energy; R = gas constant; 


T = temperature of the experiment; C = instantaneous concentration of reagent; and Cp = initial concentration 
of reagent, 


Comparing the right-hand sides of equations (5) and (7), and taking logarithms of the equations obtained, we 


have; 


= +n PHC, x) Sol * (8) 


CONSLy..,- 


It follows that the dependence of In( =n? + dx/dng) on 1/T is linear for constant initial concentrations and 
degrees of conversion, and therefore that the value of the activation energy can be obtained from the angle of 
slope of the straight line, With constant total pressure Cy will vary with temperature, but the temperature change 


of Cy may be neglected in comparison with the change in k, In the case of the cracking of hydrocarbons, 
W = (x) [3], and the relationship (5) is exact. 


Transition to the diffusion region leads to a reduction in the activation energy, and this leads to curvature 
of the line: In(-n)? + dx /dny) = F(1/T). This makes it possible to measure the activation energy in the diffusion 
region itself, using flow reactions, We may note also that in moving over to the diffusion region, a change takes 
place in the form of y (Cg x), but this will be small compared with the change in the activation energy. 


We have carried out a study of the kinetics of the cracking of cumene over a wide range of temperature 
and a large range of volume velocities, using an industrial aluminosilicate catalyst with a globule size of 0.42 
cm. This reaction is taken as a model for the properties of aluminosilicate catalysts, and therefore gives a sub- 


stantially correct picture of the conditions under which the true kinetics of the reactions are found without distor - 
tion, 


The experiments were carried out with cumene purified from peroxides, which act as cracking inhibitors, 
in the standard flow reactor MIN Kh and GP (for a description of this reactor see [4]), From the results of experi- 
ments carried out at a series of temperatures, curves for the relationship between x and ng ate arrived at, and are 
shown in Fig. 1, using the same methods of experiment and analysis as has been described in earlier works [5]. 


The method described above was used for the determination of the activation energy of the cracking of 
cumene in the diffusion and kinetic regions, For this purpose there were derived from Fig. 1 the rate of flow and 


the slope of the curves, at points corresponding to x = 0.8 and x = 0.5. These values were put into Eq. 9; the 
results are given in Table 1. 


On the basis of the data in Table 1, curves are constructed for the relationship of In const (-mg2+ dx/ dng) 
to 1/T (Fig. 2). It can be seen from Fig. 2 that at low temperatures (kinetic region) a linear relationship exists, 
whereas at high temperatures (diffusion region) the points lie on a curve, From Fig. 2 all the regions of the 


cracking reaction of cumene on the catalyst used may be found, according to the change of the magnitude of 
the activation energy with temperature, 


1, The inner kinetic region is found up to a temperature of 410°, In this region the size of the activation 
energy is at its greatest, and has the value of 26,0 kcal /mole, 


*As can be seen by a comparison of (7) with (6), the equation remains the same for homogeneous reactions, 
except that Sp is replaced by Pp. 


| 

or, 

2 dx moe 
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TABLE 1 


Results Derived from the Experimental Curves for the Relationship between 
x and ny by Means of Formula (9) 


x, Molec. ny 2.400 ye In [n2-10 x 
length mole/sec |x tg (180° — x tg (180°— 


0,8 


SONA 


Set 


RSS SSRSSSE 
mew 


* extrapolated, 


2, The inner diffusion region is found between 
430° and 460°, and here the activation energy is around 
12 kcal/mole, or about half the activation energy in 
the kinetic region. 


3, The outer diffusion region begins at tempera~ 
tures higher than 490°, Here the activation energy is 
reduced to its minimum value of 3.3 kcals/ mole, 


4, Between 410° and 430° the activation energy 
‘ changes from 26,0 to 12,0 kcals/ mole, and therefore 
126 130 1h 138 2 16 £50 the reaction is occurring in an inner transition region. 
7/1 


5. Between 460° and 490° the reaction occurs in 
an outer transition region, in which the activation ener- 
gy diminishes from 12,0 to 3,3 kcals/ mole, 


Fig. 2. Relationship of In const(-ny*+ dx /dng)to1 /T 

obtained from the curve of Fig. 1 by the use of 

formula (9). 1) x = 0.8; 2) x = 0.5; tan @, = 

= Ea,/R, where ag is a coefficient depending Of course the limits of all the regions are some- 

on the choice of scale, what provisional, but this demarcation of regions is 
generally accepted because of its convenience in analysis, 

We may remark that the starting points of the inner and outer inhibitions are confirmed by experiments using 

broken-up and ignited catalysts, 


It can be said in conclusion that the graphical method of analysis of the experimental curves makes it 
possible for us to determine the region of flow, and the observed activation energy, without making any analytical 
assumptions, The same method may also be used for determining other kinetic constants, and also for the 
quantitative comparison of the activities of various catalysts. 
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We examined in this work the paramagnetic resonance spectra (p.m.r.) of inner complexes of copper; 
complexes with various aceto derivatives [1] as well as with the enol forms of acetylacetone and acetoacetic 
ester [2] were studied, 


The determined magnetic moments of these compounds indicate that copper contributes two valence 
electrons to the bond formation, If the initial state of a copper atom is d’sp, then there should remain an un- 
paired electron on the complexed copper, It is known that the metal ion in an inner complex forms more stable 
bonds than the number of valence electrons it contributes. Thus, for example, a copper atom contributes two 
valence electrons but forms four equivalent bonds with acetylacetonate. This can only be explained by assuming 
that the metal atom in inner complexes interacts directly with the m-electrons of the system, This interaction 
may occur in various ways, One may assume that one of the electrons on the metal atom interacts with the m- 
electrons of neighboring atoms by utilizing its own p-orbital and that the interaction is extended to include all 
the m~electrons in the system. Or else a free p-orbital on the metal atom may interact directly with the r- 
electrons of neighboring atoms, The™behavior" of the unpaired electron of the metal (as in the case of copper 
acetylacetonate) presents a serious theoretical problem, It is particularly important to find out whether the un- 
paired electron is localized on the copper atom or delocalized (distributed) in the molecule, In case there is 
some delocalization of the electron it is important to determine the effects of structural changes in the molecule 
on the delocalization, Problems of this type can be partially solved through the study of p,m.r, absorption spectra. 
In case there should be some hyperfine structure (h,f.s.) it is possible to make certain deductions with regards to 
the behavior of the unpaired electron from the number and intensities of the h.f.s. lines, However, due to an 
extensive exchange interaction one can seldom observe the h,f.s. in paramagnetic solids, By using dilute solu- 
tions it is frequently possible to eliminate exchange interaction and thus obtain the desired information, For 
many compounds it is very difficult to find solvents which would effectively eliminate exchange interaction, 
Moreover, even under conditions where the h,f.s. is resolved the spectra of certain molecules may be practically 
unanalyzable, One can cite as an example of such a case the spectrum of 0,001 M triphenylmethy] in benzene 
(observed by Jarrett and Sloan [3]) which contains 72 components, 


We believe that in certain cases, particularly in the case of inner complexes of copper, the effects of the 
nature and structure of the groups surrounding the copper atom can be partially elucidated by comparing the 
p.m.r. spectra of solid systems, since the delocalization of the unpaired electron greatly depends on the nature 
of the surrounding atoms and on the number of m~electrons in the system and should therefore influence the ex- 
change interaction and consequently the absorption band width, 


= 
193 


In Table 1 we have listed the inner complexes of copper investigated by us, their band widths AH (be- 
tween points of maximum slope) at the 9370 Mc frequency, their g-factors and magnetic moments, Whereas 
copper acetylacetonate (I) has a AH 158 + 10 gauss, when a O =C —OR (II) or a (Cl) group (Ill) is introduced 


TABLE 1 


agnetic 
ompounds moment,Bohr 
Compo g-Factors magne tons 


2,105+0,04 1,75+0,05 


2,079+0,01 1,87+0,05 


2,072+0,01 | 4,83+0,05 


2,087+0,04 


2,051+0,04 


2,055+0,01 


2,051+0,01 
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TABLE I (continued) 


Magnetic 
momentBohr 
magnetons 


Nos, 


2,080+0,01 | 1,80+0,05 


2,075+0,04 


into the molecule the absorption bands become much narrower (75 + 5 and 56 + 3 gauss respectively), A 

O = C—OR group should interact much more strongly with the m~-electrons than does a hydrogen, The m-bond 
interaction should be even more pronounced in the case of chlorine due to the nonbonded electron pairs, It seems 
that the interaction enhances the delocalization of the unpaired electron, which substantially affects the ex- 
change interaction and results in a narrowing of the absorption band, 


The p.m,r, spectra of copper complexes containing azo groups (-N=N-) and other groups rich in r-elec- 
trons have an even narrower AH[4], Thus compound IV has a AH narrower by 40 gauss than that of copper 
acetylacetonate, When a chlorine is introduced into the azo compound, particularly in a position ortho to the 
azo group, the p.m,r, becomes even narrower, just as was observed in the case of copper acetylacetonate, Table 
1 shows that the band of compound IV {s 2.5 times broader than that of compound I, The presence of two chlor- 
ines in the azo compound VI makes the band still narrower (narrower by 38 gauss than that of compound V), 


If the chlorine is not ortho to the azo group but further removed (as for — compound VIII) the band be- 
comes broader (79 gauss in VIII versus 29 gaussin VII), 


When the number of m-electrons in a molecule is increased the absorption band becomes narrower. This 


is clearly illustrated in the case of compounds Vand VI, It should be noted that a chlorine in the ortho posi- 
tion has a greater effect on the band width than does an OR-group (IX). 


The above*examined facts indicate that the unpaired electron on the copper interacts with the m-electrons 
of the azo group and through them with the m-electrons of the entire system, This interaction seems to have a 
significant effect on the exchange interaction between the copper electrons, which accounts for the band narrow- 
ing. The introduction of substituents into the molecule will alter the crystal lattice; this should influence not 
only the exchange interaction but also the internal crystal field, which determines the shape and width of the 
band (due to the anisotropy of the g-factor, Let us note that all the bands were highly asymmetric in the direc- 
tion of weaker fields, Our observations, however, cannot be explained entirely by the changes in the exchange 
interaction resulting from the indicated causes, Thus, when one proceeds from acetylacetonate to its derivatives 


II and Il.the intermolecular distance increases, and consequently the Cu—Cu exchange interaction should de~- 
crease, Nevertheless a sharp band narrowing is observed, 


As can be seen in Table 1, in the case of copper acetylacetonate and its derivatives in going from one 
compound to another band broadening is accompanied by appreciable changes in the g-factor, Yet anisotropic 
broadening can not account for the observed facts either. A detailed analysis of the spectra obtained with azo 
compounds provides no basis for attributing the changes in band width entirely to the anisotropic broadening. 


Band- 
Compounds | g-F actors 
gauss 
i 925 
\ \ 
OCH, \ 
2 
IX 85:5 | | 2,06+0,05 
S-NenN- 
: 
OCH, 
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Ab- 
sofption 
gauss line of 
DPPH 


Fig. 1. Derivatives of p.m,r, absorption bands 
at a 9370 Mc frequency; 0,01 M benzene solu~- 
tions of compounds VIII and VI. 


By studying these compounds in solution it is possible 
to get more definite results, 


We recorded the spectra of several compounds in ben- 

zene, chloroform, dioxane, and other solvents. Solutions of 
3 

copper acetylacetonate (spins = _ /2) gave 
spectra similar to those obtained by McGarvey [5]; however, 
several azo compounds had more complex spectra (see, for 
example, Fig, 1). The formation of additional hyperfine 
splitting (of the most intense line), consisting of five compo- 
nents, results from the interaction between the unpaired cop- 
per electron and the nuclei of the azo nitrogen (Sia =1). 


The formation and nature of additional splitting depend on 
the state (equivalence and coplanarity) of the azo nitrogens 
in the compound, 


Thus our experimental data clearly demonstrate that the unpaired electrons of copper in inner complexes 
interact directly with the m-electrons of the system and that this interaction depends on the nature and struc- 


ture of the surrounding groups, 
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INTERMOLECULAR INTERACTIONS REVEALED THROUGH 
FLUORESCENCE SPECTRA OF ACETYLANTHRACENES 
DISSOLVED IN MIXED SOLVENTS 


A. S. Cherkasov 


(Presented by Academician A, N. Terenin October 19, 1959) 


(Translation of, Doklady Akademii Nauk SSSR, Vol. 130, No. 6, 1960 
pp. 1288-1290) 


Original article submitted September 24, 1959, 


It is well known that the position of the fluorescence spectra of many organic compounds depends to a large 
degree on the solvent [1-5], 


While studying the spectral properties of anthracene derivatives we found that the fluorescence spectra of 
1- and 2- acetylanthracenes also depend on the solvent used,* When one changes from a nonpolar solvent 
(n-hexane) to water, which induces one of the largest spectral shifts, the fluorescence maximum of 1~acetylan- 
thracene is displaced from 22450 cm™ to 17500 cm™, while that of 2-acetylanthracene from 23450 cm™ to 
18500 cm™, The spectrum is continuous in polar solvents while in nonpolar n-hexane vibrational structure ap~ 
pears and is particularly well pronounced in the caseof 2=acetylanthracene. At the same time the shift in the 
absorption spectrum is very negligible and only a diffusion of the vibrational structure is observed in polar solvents.” 


It should be noted that solvents containing hydroxyl groups, such as water, glycerin, ethylene glycol, and 
monofunctional alcohols, produce exceptionally large spectral shifts, One could try to relate this phenomena to 
the high dielectric constant € ) of these compounds [3] but for the fact that several other solvents with even 
greater values of € have very little effect on the spectra. Thus, for example, the fluorescence maxima of 2- 
acetylanthracene in methanol (€ = 33), benzyl alcohol (¢ = 13), and n-octyl alcohol (€ = 10) are shifted towards 
longer wave lengths by 3650, 3750, and 2740 cm™, respectively ,from the fluorescence maximum in n-hexane, 
whereas the corresponding displacement in acetone (€ = 21,5) and pyridine (12.5) are only 1200 and 1400 em, 
respectively, Evidently the strong effects of solvents containing hydroxyl groups on the fluorescence spectra can- 
not in this case be solely attributed to the dielectric properties, but it seems that the effects are mainly connec- 


ted with a specific interaction between the hydroxyl group and the excited acetylanthracene molecules (most 
probably with their carbonyl groups). 


*9-Acetylanthracene exhibits no fluorescence at room temperature in the solvents studied by us, The acetylan- 
thracenes were prepared by acetylating anthracene with acetyl chloride (in benzene) in the presence of aluminum 
chloride and separating the isomers by fractional crystallization [6]. Recrystallization and chromatographic 
purification on alumina yielded 1-acetylanthracene, m.p, = 107,5-109°, and 2-acetylanthracene m.p, = 187.5- 
188.5°C. 


**solvent effects on the position and shape of the absorption and fluorescence spectra of acetylanthracenes will 
be examined in more detail somewhere else, 
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Results obtained with the fluorescence spectra of 
acetylanthracenes dissolved in mixed solvents also in~- 
dicate that the hydroxyl groups have a specific effect 
(Fig. 1).* In nonpolar hexane the fluorescence spectra 
have the shortest wave length and give the best-resolved 
vibrational structure, In mixtures of hexane and pyrid- 
ine (Fig. 1b) the vitrational structure becomes gradually 
more diffused and the spectra shift towards higher fre- 
quencies as the pyridine concentration is increased ** ; 
yet, if only 1% of pyridine is added to the hexane 
the spectrum remains almost unchanged, Things are 
quite different when alcohols are added to hexane.The 
addition of even insignificant amounts of alcohol(0.1- 
0.2%) has a very pronounced effect on the form of the 
fluorescence spectrum, The vibrational structure be- 
comes diffused, and its shape suggests that there are at 
least two distinct spectra superimposed on each other, 


A possible explanation for the strong effects of 
small alcohol concentrations on the spectra may be 
provided by assuming that the alcohol molecules be~- 
come concentrated around the excited acetylanthracene 
with their hydroxyl groups oriented towards the carbon- 
Fig. 1. The fluorescence spectra of 2-acetyl- yl oxygen. Such a mechanism was proposed, for exam-~ 
anthracene in hexane (dashed curve) and in mixed ple, to explain a similar effect of small amounts of al- 
solvents; a) Hexane and methyl alcohol, Alcohol cohols on the fluorescence spectra of acridone [5], How- 
concentrations; 1) 0,12; 2) 0.25; 3) 0.5; 4)1, ever, it seems more probable to us that the observed 
b) Hexane and pyridine, Pyridine concentration: 1) changes produced in the acetylanthracene spectra by 
1; 2)5; 3)10; 4)50. cc) Hexane and benzyl the addition of a little alcohol to neutral solutions es- 
alcohol, Alcohol concentration; 1) 0.2; 2) 0.4; sentially indicate the formation of hydrogen bonds be~ 
3) 1. d) hexane and octylalcohol, Alcohol tween the hydroxyl group on the alcohol and the car- 
concentration: 1) 0,3; 2) 0.6; 3)1.7; 4) 3.4.(The bonyl group on the excited acetylanthracene, More- 
concentrations are in percent by volume), over, one should keep in mind the fact that as the con- 
centration of alcohol in hexane increases not only 


should the concentration of 1; 1 complexes between acetylanthracene and alcohol increase but complexes should 
also arise with groups of associated alcohol molecules.* *® 


It is a well-known fact that in certain solvents the alcohols become completely dissociated due to hydrogen 
bonding between the alcohol and the solvent; ethers and amines are particularly effective in this respect [7]. It 
is quite obvious that if the above~presented reasons for the effect of alcohols on the spectra represent the reality 


one would expect these effects to be somewhat reduced if the solution also contained some compounds capable of 
interacting with the alcohols, 


The fluorescence spectra of acetylanthracene studied in mixed solvents, of which one was methyl alcohol, 
fully confirmed this hypothesis. Thus, for example, while it takes only 2% of methanol to shift the fluorescence 
maximum of 2acetylanthracene by half the total displacement produced in going from pure hexane to pure 


methanol, to produce a similar shift in mixtures containing acetone, dioxane, and pyridine one has to increase 
the alcohol concentration to 20, 20, and 40% respectively, 


The interaction between alcohols and other solvents becomes particularly evident in the fluorescence spec- 
tra of acetylanthracenes dissolved in mixtures of three solvents, In Fig. 2 we have shown the effects of diethy] 


* 
The results obtained with 1-acetylanthracene are similar to those shown for 2-acetylanthracene in Fig. 1 and 2, 
** Similar results were obtained in mixtures of hexane and acetone, 


***As is well known [7],even at moderate concentrations alcohol molecules in nonpolar solvents will be asso - 
ciated into aggregates containing several molecules. 
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ether, pyridine, acetone, and anisol on the spectrum of 2- 
acetylanthracene dissolved in n-hexane to which 0.5% of 
methyl alcohol was added, Figure 2 clearly shows that by 
increasing the amount of the third solvent we gradually dis- 
place the spectra towards higher frequencies (except in the 
case of anisole) and restore the vibrational structure, or in 
other words, that the effect of alcohol is neutralized, If 
these solvents had not interacted with the alcohol we would 
have only expected a reverse process-displacement of the 
spectrum towards lower frequencies (as was observed in the 
case of anisol), since when these solvents are introduced in- 
dividually into an n-hexane solution of acetylanthracene the 
spectrum is displaced towards longer wave lengths (see, for 
example, Fig. 1b), 


From their effects on the fluorescence spectra one can 
qualitatively arrange these solvents in order of their reacti- 
vities towards alcohols, Thus Fig. 2 shows that though 1% of 
acetone has practically no effect on the spectrum, the same 

, amount of ether produces a slight shift, while corresponding 
* quantities of pyridine and dioxane produce a displacement 
of ~600 cm™, 


iL ' 
23000 cm™* 27000 


v—e 


4 
23000 om 


Fig. 2, The fluorescence spectra of 2- 
acetylanthtacene in a mixture of hexane + The above~presented results clearly indicate that the 


+ 0.5% methyl alcohol + a third solvent. fluorescence spectra of acetylanthracene in mixed solvents 
can be utilized to detect intermolecular interactions be- 
Concentrations of the third solvent (in per- 
tween the solution components. One should think that other 
cent by volume); 1) 0; 2)1; 3)5; 4) ’ 
compounds could also be used for this purpose if their fluor- 
10. The third solvent is; a) ethyl ether; 
b) dioxane; c) pyridine; d) acetone; d5) escence spectra are greatly influenced by solvents, 
anisole (5%), 


LITERATURE CITED 


(1) V. V. Zelinskii, V. P, Kolobkov, and I. I. Reznikova, Trans, of the 1958 Conference on the Thermo- 


dynamics and Structure of Solutions [in Russian] (Moscow, 1959, p. 262); V. V. Zelinskii, V. P. Kolobkov, and 
L. G. Pikulik, Optika i Spektroskoptya,2, 402 (1957), 


{2] V.P. Klochkov, Optika i Spectroskopiya 1, 546 (1956); V.P. Klochkov, Zhur, Fiz, Khim, 29, 1432 
(1955), 


[3] N.G. Bakhshiev, Optika i Spe ktroskopiya, 7, 52 (1959); N. G. Bakshiev, Izv. Akad, Nauk SSSR, Ser. 
Fiz, 22, 1387 (1958), 


[4) E. Lippert andF,Moll, Zs. Electrochem, 58, 718 (1954); E. Lippert, J. phys, et radium 15, 627 (1954), 


[5] H. Kokubun, Zs, phys, Chem, 17, 281(1958); H. Kokubun, Zs, Electrochem, 62, 599 (1958). 
[6] P. H. Core, J. Org. Chem, 22, 135 (1957). 


[7] W. Hickel, Theoretical Foundations of Organic Chemistry 2 [Russian translation] (IL, 1958), 


Al max 4 
4 
06 
/ 
\ x 
max 
c A\ d 4 
\ 
\ 
\ 
a2 
2100 
199 


4 


THE P.M.R. SPECTRA AND THE ACCUMULATION KINETICS 
OF FREE RADICALS PRODUCED IN THE RADIOLYSIS 
OF CERTAIN AROMATIC COMPOUNDS 


I. I. Chkheidze, Yu. N. Molin, N. Ya. Buben, 
and Corresponding Member Acad, Sci. USSR V.V.Voevodskii 


Chemical Physics Institute, Academy of Sciences USSR and the 
Chemical Kinetics and Combustion Institute, Siberian Division 
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(Translation of Doklady Akademii Nauk, SSSR, Vol.130, No.6, 1960, 
pp. 1291-1293) 


Original article submitted November 13, 1959, 


This work was undertaken for the purpose of characterizing the radicals formed during the radiolysis of 
aromatic compounds and to study the effects of molecular structure on the yield of these radicals, With this in 
mind we recorded the paramagnetic resonance spectra (p.m.r.) of the radicals formed under the impact of fast 
electrons (1.6 Mev) and followed the accumulation kinetics, In Table 1 we have listed the compounds inves- 
tigated, The technique used to detect these radicals during irradiation was carried out at current densities from 
1.5 to 4.0 amp/cm? and temperatures of -124 and + 33°C. The benzene was chemically pure, The remaining 
compounds were obtained from the laboratory of K, P. Lavrovskii at the Institute of Petrochemical Syntheses, 
The compounds were purified by sublimation in high vacuum, 


In Fig. 1 we have plotted the p.m.r, spectra of benzene, biphenyl, p-terphenyl, and p~ditolyl obtained at 
—124°C. The spectra of m-terphenyl and o~-ditolyl were similar to those of the p-isomers, Para and m-terpheny] 
had the same p.m.r, spectra at + 33°C as at—124°, The p.m.r, spectrum of benzene consists of a well-defined 
triplet with the central component much more intense than one would expect from the binomial distribution of 
intensities, 1: 2: 1. A single line superimposed over the central component could give rise to such a spectrum, 
The triplet in the benzene spectrum can apparently be only attributed to a CgH; radical formed by the detach- 
ment of an H-atom from benzene: 


CeHe + CoHs + He (1) 


The interaction between the unpaired electron and the two adjacent H-atoms gives rise to the three observed 
lines, It should be noted that the triplet splitting of a phenyl radical AH 45.0 + 1.5 oerst, exceeds considerably 
the splitting by 8-hydrogens of alkyl radicals (for example, inthe -CH,-CH,~CH, radical AH = 30 oerst [3]). 
The large AH of benzene can be explained by the fact that the C—C distance in benzene is shorter than in alkyl 
hydrocarbons and that in the phenyl radical the unpaired electron orbital is coplanar with the C—H bonds, 


Figure 1 (a,b,c) shows that each component of the triplet is further split into 4 lines with a AH = 10.2 +# 
+ 0.5 0erst. This additional splitting can only be attributed to an interaction between the unpaired electron and 
the remaining three H-atoms, Interpreting the spectra in this manner we can conclude that these three hydro- 
gens are equivalent, 


From the low yield of molecular hydrogen (Gy, = 0.036 mole /100 ev [4]) as compared to the yield of 


201 


TABLE 1 


Sample Temp. ~124°C. | Temp. + 33°C. 


Benzene 0,16 
Biphenyl 0.045 
p-Ditolyl 0,08 
o-Ditolyl 0.11 
m-Terphenyl 0.034 
p-Terphenyl 0.046 


polymers (Gpoly=0. 75 mole / 100 ev[5]) and the 
yield of radicals observed by us (see Table 1), one 


may conclude that not all of the hydrogen produced 
in reaction (1) is liberated as H,. On the basis of 
these observations, and certain literature data which 
show that a C,H, radical can be formed from ben- 
zene and atomic hydrogen at liquid-air temperatures 
[6], we may conclude that a large number of the 
H-atoms formed in reaction (1) interact with benzene 


a 

b to form C,H, radicals, The unpaired electron in the 
C,H; radical becomes delocalized throughout the 
m - system and interacts with many hydrogen atoms, 
In analogy with aromatic ion-radicals [7] one can 
assume that the total magnitude of hyperfine split- 
ting ina CgH, radical would be small (~20 oerst), 

c 


Since the lines in a solid-state spectrum are fairly 
broad, the hyperfine splitting in the p.m.r. spectrum 
of this radical would hardly be resolvable, There- 
fore a spectrum of the CsH, radical should contain 
a single line 10-20 oerst, wide, A superposition of 
this line on the central component of the phenyl 
radical triplet would fully explain all the features 
in the spectrum of irradiated benzene, 
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Fig. 1. P.m.r. spectra of irradiated: a) benzene at As can be seen in Fig, 1 a, b the hyperfine 

~132°; b) benzene at-52; c) a schematic represen- splitting in the p.m.,r. spectrum of | benzene is re- 

tation of the benzene spectrum; d) biphenyl at-124°; solved much better at higher temperatures, One 

e) p-terphenyl at - 124; f) p-ditolyl at 124°C, can show that this fact could be attributed to the 
freeing of a hindered molecular rotation around the 
6th-order axis of benzene; such rotation was de- 
monstrated in nuclear magnetic resonance experi- 
ments [8]. 


Though biphenyl, terphenyl, and ditolyl give rise to triplet spectra similar to that of benzene, the indivi- 
dual components are poorly resolved and show no additional splitting. A characteristic property of these spec- 
tra is their great similarity to each other, All these spectral properties can be explained satisfactorily by as- 
suming that the polyphenyls lose a H-atom or a CHg grouppara tothe phenyl substituent, As a result, radicals 


4 0.014 
0,015 
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of the type R < - » where R" = CHs in the case of o-ditolyl and R' = H in all the remaining cases, 
H 


A free H-atom or CHs radical will become attached to a benzene ring producing a radical similar to the C,Hy 
fadical, The resulting spectrum will obviously be very similar to that observed in the radiolysis of benzene, 
The poorer resolution in the spectral structure of polyphenyls is probably due to a delocalization of the unpaired 
electron over the entire system of conjugated bonds, and its consequent interaction with a large number of hydro- 
gen atoms. Moreover, the line narrowing connected with rotation should be absent in polyphenyls, 


The poor resolution in the p.m.r, spectra of poly- 
phenyls could be attributed to the fact that a variety of 
radicals may be formed by breaking different CH or 

Ry: oes C-—C bonds, However, such an assumption would fail to 
2r- 8 ; explain why various polyphenyls yield identical spectra, 


In Table 1 we have listed the radiation yields of 
radicals, determined from the linear portions of the ac- 
cumulation curves (Fig. 2), The relative error in the 
determination of Gp was + 20%, 


The decreasing radiation yield of radicals in going 
from benzene to biphenyl to terphenyls is in full accord 
with the literature data indicating that polyphenyls are 
more resistant to radiation than benzene [9]. Ditolyls 
yield comparatively more radicals than do biphenyls, in- 
dicating apparently that side groups reduce the resistance 
to radiation, which also agrees with the literature data 
[10]. It is intersting to compare the radical yields from 
isomeric molecules, According to some workers [11, 12) 
at large radiation dosages isomeric terphenyls differ con- 
siderably in their resistance to radiation, while according to others [13] who detemined the yields of radiolysis 
end products the differences are small, 


0 


60 M Rad, 


Fig. 2, Radical accumulation kinetics at -124°; 
1) benzene; 2) p-ditolyl; 3) biphenyl; 4) p- 
terphenyl. 


Table 1 shows that the differences between the Gp values of various isomers seem to lie within the range 
of experimental errors, 


The authors wish to express their gratitude to A. M. Brodskii and V, B, Titov for providing the polyphenyls 
and discussing the results, and to V. N. Shamshev for participating in the experimental work, 
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ERRATUM 
Vol. 128, September-October, 1959 


In the article by E. M. Shustorovich and M, E. Dyatkina, pp. 885-888, there is an error in the values of 
the dipole moments, All the values given, both those in the tables and those in the text,should be multiplied 
by 4.8, 
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Stroiizdat 
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TsNIEL-MES 
TsVTI 

UF 
VIESKh 
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VNIIZhDT 
VTI 
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Note: Abbreviations not on this list and not explained in the translation have been transliterated, no further 
information about their significance being available to us. — Publisher. 
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